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SUMMARY
The aim of this thesis was to investigate smoking behaviour in 
a population of habitual cigarette smokers. Measurements were made 5 
times, at intervals of 4 weeks whilst smoking cigarettes with tar 
yields above 10 mg. After switching to lower yield cigarettes 
(reductions of at least 3 mg tar and 0.2 mg nicotine) a further 6 
visits were made at intervals of 6 weeks. A group of subjects 
followed the same protocol but without switching.
Tobacco smoke uptake was estimated by measuring pre and post­
smoking plasma nicotine, cotinine, carboxyhaemoglobin (HbCO) and 
expired carbon monoxide (00). Smoke generation was measured with the 
subject smoking through a holder acting as a flow meter.
The data from visits 2-6 showed large between-subject 
variability but little between-session variability indicating that 
these measures were reproducible. However, the large variation in 
measurements of plasma nicotine may limit the use of this variable 
unless sample collection is carefully controlled. There were observed 
gender differences in smoke generation which could be explained in 
terms of anatomical size. Examination of the interrelationships 
between measurements of smoking showed that although some indices 
were highly correlated, much of the variation in the relationship 
could not be explained indicating that no one measurement can give an 
overall indication of smoke exposure.
497 people expressed an interest in the study but only 53 
managed to ccmpl ete. Of these 44 met the study criteria: 26 switched 
to a lower yield brand and 18 remained on thbir own brand. The 
switching group showed significant increases in puff volume, peak 
puff flow, puff number and total puff volume, whilst pre-smoke HbOO, 
the HbCO boost, mean plasma cotinine and puff interval showed 
signficant reductions. These changes resulted in an average level of 
regulation of about 56%. The majority of these changes were 
maintained over the post-switch period, however, puff number, puff 
interval and total puff volume showed short-term adaptation by 
returning to baseline values after an initial change. It is concluded 
that the effects of switching to lower yield cigarettes persist for 
at least 8 months (average level of regulation of about 65%) and that 
this has important implications for the strategy of reducing 
cigarette smoke exposure.
It was postulated that smoking results in transient changes in 
pulmonary ventilaticn/perfusion (VA/Q) and this mechanism may explain 
the discrepancy between the relative boost for the non-Invasive and 
invasive methods of measuring changes in HbCO on smoking. Both 
breath-bold and mean alveolar methods were significantly affected by 
posture induced changes in VA/Q indicating that equilibration between 
CO in blood and the lungs cannot be assumed for these methods. 
However, these techniques do provide a reasonable estimate of HbCO 
before smoking as long as the same method and conditions are adhered 
to. Although unaffected by changes in posture, the rebreathing method 
also failed to reflect changes in HbOO on smoking since the relative 
00 boost was only half that for HbOO. It is therefore concluded that 
none of the alveolar sampling techniques give a reliable indication 
of the acute changes in HbOO associated with smoking.
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GLOSSARY OF TERMS
Bh = Breath-hold.
Rb - Rebreathing.
Tb = Tidal breathing.
Actual measurements:
00 One measurement:- Expired.
Nomenclature, derivations and abbreviations used in this thesis.
FE,C0 (Bh) ppm
FE,00 (Rb) ppm
FE,00 (Tb) ppm
O2  Two measurements:- End tidal and "alveolar”.
End tidal Fet,02 %
Expired FA,02 (Bh) %
Expired FA,02 (Rb) %
Expired FE,02 (Tb) %
002 Two measurements:- End tidal and "alveolar".
End tidal Fet,C02 %
Expired FA,002 (Bh) % 
FA,002 (Rb) % 
FE,C02 (Rb) %
Expired
Expired
Derived values:
Breath-hold 00 = FA, 00 (Bh) ppm, Represents OO2  corrected data.
FA,CO (Bh, 25 s) ppm, Represents CO2  corrected 
data after a 25 s breath-hold.
FA, CO (BhT) ppm, Represents CO2  uncorrected data. 
Rebreathing 00 = FA, 00 (Rb) ppm, Represents OO2  corrected data.
Mean alveolar 00 = FA, 00 (Tb) ppm, Represents OO2  corrected data.
Abbreviations.
’'boost" Difference between two measurements ie post and pre-smoking 
HbOO.
Corrected and uncorrected for removal of 0C>2 from gas sample
00 Carbon monoxide.
co2 Carbon dioxide.
°c Degrees centigrade.
EDTA Ethylenediaminetetraacetate.
ERV Expiratory reserve volume of the lung.
FRC Funtional residual capacity of the lung.
Hb Haemoglobin.
HbOO Carboxyhaemoglobin.
Hb°2 Gxyhaemoglobin.
Hz Hertz.
k Kilo.
kg Kilogramme
1 Litre.
lb Pound
m Metre.
x
mg
mJ
ml
irmHg
mMol
ms
NS
°2
P
Pa
PCX)
PPm
P17.5
rpm
RV
s
TLC
ug
VA/Q
VT
%
II 91 
«
<
>
Milligramne.
MilliJoule.
Millilitre.
Millimetres of mercury.
Millimol.
Millisecond.
Not significant.
Oxygen.
Statistical probability.
Pascal.
Partial pressure of 00 (gases may vary).
Parts per million.
Pressure drop of the lit cigarette at a flow rate of 
17.5 ml/s.
Revolutions per minute.
Residual volume of the lung.
Second.
Total lung capacity.
Microgramme
Ventilation perfusion ratio in the lungs.
Tidal volume.
Percent.
Multiplication sign used in formule.
Less than.
Greater than.
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CHAPTER ONE
1
A review of the history of smoking, the effects of smoking and 
current smoking trends is given in Chapter 1 so that the results from 
this study may be placed in context. Chapter 2 is a survey of the 
literature specific to the field of smoking behaviour, smoke uptake 
and changes in these measures on switching to lower tar (and hence 
nicotine) yield cigarettes. Chapter 3 is concerned with the primary 
measuring devices used in this study, concentrating on their 
linearity and reproducibility and gives a summary of the statistical 
methods used in this thesis. Chapter 4 compares three established 
methods of measuring expired CO and investigates the effect of oxygen 
and change in ventilation/perfusion of the lung on these methods. 
Chapter 5 looks at the relationship between breath-hold 00 and HbOO 
before and after smoking, changes in breath-hold CO immediately 
following and 5 minutes after smoking, examines the effect of 
exposure to 00 rather than cigarette smoke and compares breath hold 
00, rebreathing 00, breath-hold 02 and HbCO before and after smoking.
Chapter 6 looks at methods of measuring smoking behaviour and 
smoke uptake and studies the variability and reproducibility of these 
measurements on the five visits to the laboratory before switching to 
lower tar yield cigarettes. The interrelationships between these 
measures are also investigated. Chapter 7 examines changes in 
smoking as a result of switching to lower tar yield cigarettes and 
looks at how these changes alter over the following visits. Since 
this thesis is in two parts, Chapter 8 draws together the discussions 
from the previous chapters, concluding that alveolar carbon monoxide 
is an unreliable index of carboxyhaemog 1 obin changes on smoking in 
man. It also outlines the effects of switching to cigarettes of lower
Outline of thesis.
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tar yield, and makes suggestions about the direction of future 
research projects. In view of the large number of subjects recruited 
for this study and the small number who actually completed the 
course, a section of the Appendix investigates the problems involved 
with the use of human volunteers in studies of this kind.
The history of smoking.
There are many species of tobacco genus Nicotiana, but the two 
most common are Nicotiana Rustica and Nicotiana Tabacum, the latter 
being found in most modem cigarettes. Most historians would agree 
that Maya Indians of the highlands of Central America and Southern 
Mexico were the first to use tobacco as long ago as 432 AD. It is 
claimed that Christopher Columbus was the first person to bring 
tobacco from the New World. On landing, the ships crew were 
approached by natives who bought them gifts including dried leaves of 
a plant that had a remarkable odour. Visiting Cuba in November 1492, 
members of the crew saw people smoking these leaves.
Within 100 years of its introduction, tobacco was well 
established along trading routes around the world; it was formally 
introduced into Europe in 1560, but was mainly used for its medicinal 
effects since it was claimed to be a remedy for headaches etc. 
Although not the first to smoke tobacco in England, Sir Walter 
Raleigh is credited with popularizing it in this country. Despite the 
4000% increase in tariffs imposed by James I of England in 1604, 
tobacco smoking was an enormous success, and by 1614 there were over 
7000 shops selling tobacco and other related products. Consumption in 
Britain steadily increased encouraged by men returning from the 
Crimean War (1853-1856) during which there was wide-spread use of
3
If the Elizabethan age was the beginning of the smoking era, 
then the Industrial Revolution would be the beginning of the age of 
the cigarette. Its popularity grew because it was more convenient to 
carry and the advent of flue curing produced a much milder, more 
easily inhaled smoke. The introduction of the automatic cigarette 
rolling machine in 1885 in America dramatically changed the economics 
of manufacture and marketing, putting the cigarette within reach of 
almost everyone.
The first filter cigarette was introduced in 1929 in response 
to the increasing number of female cigarette smokers and to economize 
on the amount of tobacco used in the cigarette whilst still retaining 
its length. Filter cigarettes were originally unrelated to ’safer' 
cigarettes, since many early filtered cigarettes yielded higher 
levels of tar and nicotine. Sales of filter cigarettes started to 
increase in the early 1950's and by 1978 accounted for approximately 
90% of the market. Whilst the use of a filter reduced the amount of 
tar delivered to the smoker, an increase in the cigarette CO yield 
resulted.
The incidence of smoking.
In Britain there are currently about 16 million cigarette 
smokers, smoking an average of 6250 cigarettes per year, and 
approximately 85% of these people smoke cigarettes which.yield more 
than 10 mg tar. Since records began, cigarettes sales have steadily 
increased with time, apart from small declines following the First 
and Second World Wars, until 1982. Since then there has been a 
pattern of decline in most developed countries. Between 1980 and
tobacco in order to help alleviate the stress of war.
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1985, consumption of cigarettes has fallen in countries such as West 
Germany, Sweden, United States of America. In 1972 130 billion 
cigarettes were smoked in the United Kingdom, this figure currently 
stands at less than 100 billion. However, between 1980-85 increased 
comsumption has been reported in France, Italy, Spain, India, Brazil 
and Japan.
According to the General Household Survey (1982), published by 
the Office of Population Censuses and Surveys (OPCS), the proportion 
of adults who smoked was substantially lower in 1982 than in 1972; 
38% of men and 33% of women were cigarette smokers in 1982, compared 
with 52% and 41% respectively in 1972. This reduction represents a 
fall in the proportion of men and women who were light smokers 
(smoking less than 20 cigarettes per day), and a fall in the number 
of men who were heavy smokers (smoking more than 20 cigarettes per 
day). The number of women who were heavy smokers has however remained 
constant since 1972. Whilst the sex difference is becoming less 
apparent, a difference according to social class has emerged; smoking 
being less prevalent in Social Class I but more prevalent in social 
class V.
Whilst the overall number of cigarette smokers has fallen the 
number of cigarettes consumed per head of the smoking population has 
increased. The weekly cigarette consumption has decreased in males 
aged 34 and under, remained the same in females aged 19 and under, 
but increased in all other groups. In 1949 the average consumption by 
male smokers was approximately 100 cigarettes per week and currently 
stands at 121 cigarettes per week. However this later value has not 
change significantly over the last 10 years. In 1949 women smokers 
consumed 50 cigarettes per week, rising to 87 in 1972 and currently
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stands at 98 cigarettes per week (Ashton and Stepney 1982 and The 
General Household Survey 1982).
Between 1965 and 1975 the average tar yield per cigarette, 
calculated from the tar yield per cigarette per brand, averaged over 
the brands according to the sales of each brand, fell from 31 mg to 
18 mg which may be related to smoking filter rather than plain 
cigarettes. A more probable cause is the decline in tar yield for all 
brands. This reduction continues, and between 1972 and 1977 there was 
a fall in tar yield of about 3 mg (Capell 1978). As a result of this 
change the proportion of low to middle and low tar yield cigarettes 
has increased from 5% in 1972 to 21% in 1977.
Nicotine is closely associated with tar yield, the higher the 
tar yield the higher the nicotine yield (Russell et al. 1975b). 
Nicotine yields fell by 43% between 1950 and 1974 but there has been 
a reported rise of 9% between 1974 and 1979 (Wald et al. 1981b). A 
similar pattern of change has been observed for carbon monoxide.
Smoking and mortality.
In 1938 Pearl indicated the link between non-smoking and 
longevity. Whereas only 46% of heavy smokers lived to beyond 60 years 
of age, this was true for 67% of non-smokers. The Royal College of 
Physicians (1983) reported that the age standardized death rate from 
lung cancer for men aged 45 to 64 years in England and Wales reached 
a peak in 1963 of 20 deaths per 10,000 men per year. Since then it 
has fallen slowly perhaps due to the increasing use of filters and 
lower tar yield cigarettes. By contrast there is a continuing 
increase in the age standardized death rate from lung cancer for 
women aged 45 to 64 years, which in 1978 had reached 5 deaths per
6
10.000 women per year. In 1955 the death rate from chronic 
obstructive lung disease was 15 per 10,000 head of the population. 
Since then the incidence has declined, it being claimed to be a 
result of diminished air pollution and lower tar delivery cigarettes.
In the early 1980’s there were approximately 663,000 deaths per 
annum in the United Kingdom (OPCS 1984), and it is estimated that
100.000 of these were related to tobacco smoking (Royal College of 
Physicians 1983). Nearly 78% of the tobacco related deaths occured in 
England and Wales, and 29% of these were female.
It is interesting to estimate how much cigarette smoking costs 
this country. The Royal College of Physicians (1977) reported that 30 
million working days are lost every year due to disablement and loss 
of income as a result of cigarette smoking. Smoking related diseases 
place 108,218 people in hospital every year (32.7% ischaemic heart 
disease, 45.3% lung cancer, 22.0% bronchitis and emphysema). With an 
average stay of 13.5 days, the estimated cost to the National Health 
Service is 111.33 million pounds (The Big Kill 1986). This figure 
however only accounts for hospital treatment, thus the actual cost is 
likely to be much greater.
Prospective epidemiolgical studies of lung cancer show, on 
average, an approximate 20% reduction in risk associated with lower 
tar cigarettes and may be as high as 30-40% (cited by Wald 1985). 
Although studies are equivocal, in general lower tar and nicotine 
products seem to have little effect upon the risk of ischemic heart 
disease. Recent evidence frcm a prospective study suggests that the 
risk of a major ischemic heart disease event in smokers is triple 
that in non-smokers (Cook et al. 1986). Whilst there seemed to be no 
difference between the risk in current smokers and those who had
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given up smoking within the last 5 years, as the number of years of 
abstinence increased the risk of ischemic heart disease decreased. 
However, those who had given up 20 years ago, still had an increased 
risk relative to non-smokers. In both current and former cigarette 
smokers, the number of years a man smoked cigarettes was the clearest 
indicator of ischemic heart disease and the major benefit of giving 
up smoking may therefore lie in halting the accumulation of the 
number of years that a man has smoked. Thus the benefits, in terms of 
a decrease in ischemic heart disease as a result of giving up 
cigarette smoking is more gradual and less than is widely accepted.
Why do people smoke?
Smoking is considered to be a dependence disorder and is a very 
complex and involved subject, indeed a whole thesis could be based on 
this topic, therefore only a very brief introduction will be given 
here. It is thought that people smoke in order to relax, they smoke 
for social reasons and personal factors, ie to maintain performance 
and combat fatigue. Mental agility is also better following smoking 
and there are a number of reports that smoking aids concentration, 
especially in times of stress. Smoking is a multifactorial process 
including manipulation of the cigarette, oral gratification, the 
taste or impact of smoke from a cigarette and the pharmacological 
addiction to nicotine. Considerable research interest has been shown 
in the younger generation. Teenagers may start smoking because of 
social pressures from friends; for example because of the macho image 
associated with the habit. The first inhalation of cigarette smoke 
can produce nausea, vomiting, headache and dizzyness, thus the 
ability to inhale smoke in public without signs of distress is an
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indication of toughness and sophistication, a sign that the 
individual has entered the adult world (Russell 1971). It is also 
related to parental attitudes towards smoking and whether the person 
is put off from smoking by the danger of lung cancer.
Giving up smoking.
Of those people who try 1 or 2 cigarettes, 85% go on to be 
regular smokers. Of these, 70% report that they would like to or have 
tried to give up smoking but only 25% will do so before the age of 60 
years (Russell 1980). Many of those who have quit will have done so 
too late after having had a heart attack or being diagnosed as having 
lung cancer or emphysema.
Passive smoking.
Whether a smoker is young or old it does not stop them 
inflicting their smoke on other people. Breathing other peoples 
smoke, or passive smoking, is now a recognised problem. The presence 
of cigarette smokers in poorly ventilated rooms can lead to elevated 
ambient levels of 00 which eventually ends up in the blood of non- 
smokers. Russell et al. (1973a) showed that in a smoke filled 
unventilated room ambient CD levels were 38 ppm and the mean increase 
in HbCO in non-smokers was 1% (similar to that found in people who 
had smoked a cigarette). Nicotine is also found in non-smokers as a 
result of passive smoking, Homing et al. (1973) reported that non- 
smokers who shared a laboratory with smokers, excreted about 5% as 
much nicotine as that found in the urine of smokers, indicating that 
passive smokers inspire same cigarette smoke.
Jarvis et al. (1985) measured saliva cotinine (a metabolite of
9
nicotine) concentrations in 569 non-smoldng school children and found 
that the concentrations were strongly related to the smoking habits 
of their parents. Not suprisingly, mothers had the strongest 
influence on the levels found in their children and it was estimated 
that the mothers dose of smoke to their offspring was equivalent to 
50 cigarettes per year, the fathers contribution being somewhat lower 
at 30 cigarettes per year. It was proposed that the prolonged burden 
of cigarette smoke throught childhood posses a definite health risk.
Smoking and the use of lower yield cigarettes.
In order to classify yields of different cigarettes the first 
tar league table was published in 1973, which ranked cigarettes 
according to their tar and nicotine yield when smoked by a machine 
taking a 35 ml puff, of 2 second duration, once a minute. CO yields 
of cigarettes were incorporated into this table in 1983.
The initial reports in the 1950's linking cigarette smoking with 
lung cancer seemed to suggest that this risk may be related to the 
tar generated by different cigarettes, and the Royal College of 
Physicians have suggested that smokers unable to abstain frcm smoking 
should smoke cigarette with lower tar yields. The philosophy behind 
the use of lower tar yield cigarettes is based upon the assumption 
that smoking lower yielding brands would result in a decrease in the 
lung exposure to toxic components of cigarette smoke. The response to 
this theory has been been successful judging by the increase in sales 
of low tar yield cigarettes. However, there is increasing evidence 
that the concept of a safer cigarette is misleading; it appears that 
smokers alter their smoking behaviour (they may take larger and more 
frequent puffs, inhale the smoke more deeply or smoke more
1 0
cigarettes) possibly to obtain the same nicotine/tar delivery as 
their higher yield brand. Thus switching to a lower tar product may 
not substantially reduce the risk of smoking related disease. This 
change in smoking behaviour has been called "compensation", a term 
which not only incorporates changes in smoke markers on switching to 
lower yield cigarettes (ie nicotine regulation), but also the 
mechanism by which it occured (ie increase in puff volume etc.), 
McMorrow and Fcxx (1985).
Many studies investigating smoking compensation have appeared in 
the literature, however, these have been criticised in the Third 
Report of the Independent Scientific Committee on Smoking and Health 
(ISCSH) on the grounds of insufficient number of volunteers studied, 
and lack of follow up data once the subject had switched to the lower 
tar yield cigarette. They stated: -
"18 We have reviewed the available information concerning 
these changes in smoking practice (29-39) and conclude that 
further investigations are necessary since most studies are 
unsatisfactory for our purpose. We would seek evidence from 
the industry on the number of cigarettes smoked by smokers 
who have either changed to cigarettes with reduced yields or 
who regularly smoke brands of cigarettes whose yields have 
reduced significantly over time. We also require evidence 
about changes in the manner of smoking which may increase 
the absorption of toxic substances per cigarette; current 
information is inadequate and the problem should be 
investigated further by the industry over extended periods 
of smoking (after short-term adaption) and using larger and 
more appropriate groups. We consider that the evidence so 
obtained could be important on advising the future 
development of the product modification programme. We would 
wish to discuss the design of such studies with the 
industry."
Aims of this thesis.
The aim of this thesis was to incorporate the recommendations of 
the ISCSH and perform a prospective investigation into long-term
1 1
changes in cigarette smoking when switching to lower tar, and hence 
nicotine, yield cigarettes. Having set up a purpose-built smoking 
room at The Midhurst Medical Research Institute, Midhurst, West 
Sussex, the study began on 4th October 1984 and was completed on 7th 
April 1987. Measurements of smoking were made on 6 occasions before 
and after switching to one of a choice of cigarettes which, on 
average, yielded 3 mg of tar less than their present brand of 
cigarette. Each subject acted as their own control, however, because 
cigarette yields are falling with time, a small number of subjects 
who remained on their usual brand through-out the study period were 
also examined.
Measurements of smoking were also compared between sexes, and 
the variability and reproducibility of the measurements made before 
switching to the lower yield cigarette was investigated together with 
the interrelationship between measurements of smoking.
Determination of expired CO has been used extensively in the 
literature as a marker of tobacco smoke exposure. Recent studies in 
this laboratory (McBride et al. 1984) have reported a fall in expired 
00 following smoking (rather than the expected rise). As a result of 
these observations, three established methods of measuring the carbon 
monoxide concentration in expired breath have been studied together 
with comparison of measurements of expired 00 and carboxyhaemoglobin 
in subjects who smoke cigarettes and others who were exposed to CO 
rather than cigarette smoke.
This thesis thus represents data from smoking studies, collected 
over a duration of about two and a half years. The studies of expired 
carbon monoxide, however, are a group of smaller experiments which 
have evolved during this period.
1 2
Literature Survey.
CHAPTER TWO
13
This chapter is divided into three sections. Part 1 looks at the 
sources and some of the effects of CO and reviews the current 
literature on the measurement of alveolar CO, factors that affect its 
measurement and its relationship to direct determination of HbCO 
from venous blood. Part 2 documents methods of measuring human 
smoking behaviour, sex differences, variability and the 
interrelationships of these measurements. Part 3 examines in detail 
changes in smoking behaviour when smoking different yield cigarettes.
Part 1: Carbon monoxide.
Sources of carbon monoxide.
Carbon monoxide is principally a product of civilization, 
derived frcm the incomplete combustion of organic material, and was 
known to be toxic long before Priestley's discovery of its 
composition in the late 18th century. Sources of 00 include exhaust 
from motor vehicles, stationary combustion sources, and industrial 
processes. CO concentrations in rural atmospheres are usually less 
than 2 ppm. By contrast the amount of CO in streets of big cities, 
although varying greatly due to human activity and meteorological 
factors, not infrequently reach levels of 100 ppm during rush-hour 
(Forbes 1970) although concentrations of 360 ppm have been reported 
during this period (Lawther and Commins 1970). Open fire places and 
space heaters play their part in contributing to elevated indoor 00 
levels (Cox and Whichelow 1985). Mainstream cigarette smoke contains 
4-5% CO (Cole 1981), derived from the incomplete combustion of 
tobacco, whereas sidestream cigarette smoke contains two and a half 
times this amount, and smoking in confined spaces has shown to raise
Introduction.
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CO levels above 50 ppm (Seppanen and Uusitalo 1977) but this usually 
only occurs when there is inadequate ventilation.
Carboxyhaemog 1 obin levels are also elevated by endogenous CO 
production, via the catabolism of haemoglobin and other haem 
compounds in the liver, spleen and other reticuloendothelial cells in 
the body (Cobum 1975), however the concentrations attained in 
healthy individuals (0.2%-1.0%) are relatively small compared with 
those detailed above.
Whether one is looking at environmental or endogenous CO 
production, the concentration of HbCO found in non-smokers is 
comparatively small compared with those found in cigarette smokers 
(Goldsmith 1970, Lawther and Commins 1970, Rea 1973, Seppanen and 
Uusitalo 1977, Wright and Shephard 1978 and Cole 1981). Higher levels 
of HbOO have been found in secondary cigar smokers, smokers who have 
changed from cigarettes to cigars, (Goldman 1977, Turner et al. 
1986).
Cardiovascular effects of carbon monoxide.
The main effect of CO is to impair oxygen (O2 ) transport. It 
does this in two ways:- firstly by combination with haemoglobin and 
thereby lowering its 02 carrying capacity, secondly by increasing the 
affinity of the remaining haemoglobin for O2  since the oxygen 
dissociation curve becomes shifted to the left. As a result of this 
shift, tissue O2 tensions have to drop even lower than would normally 
be expected before O2  can be unloaded from the circulating blood. 
Organs Which consume large amounts of oxygen, such as the myocardium, 
rely upon changes in perfusion to allow for increased O2  consumption. 
Thus Where 02 consumption is raised, as a result of exercise, lower
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C>2 capacity and impaired 02 uncoupling from the blood will prejudice 
tissue respiration.
Ayres et al. (1970) showed that increasing HbCO to around 9% 
over 30-120 seconds in patients without coronary artery disease 
resulted in increased coronary blood flow and increased oxygen 
extraction by the myocardium. However, in a similar group of patients 
with well established coronary disease, the increase in blood flow 
was less marked and oxygen extraction was greater. It was therefore 
concluded that patients with advanced coronary artery disease are 
incapable of responding to the anoxic stress (induced by raised HbCO 
levels) by increasing coronary blood flow.
The association between smoking and the pathogenesis of 
atherosclerotic vascular disease has been well established and 
generally accepted; Wald et al. (1973) have shown that HbCO levels 
are significantly positively correlated with the risk of incurring 
atherscl erotic disease. However, investigations of the effect of 00 
on blood vessels using animals seeems equivocal, mainly due to 
experimental methods. Using non-cholesterol-fed rabbits, Hugod et al. 
(1978) found no evidence of histotoxic effect of CO on coronary 
arteries or aorta when light-microscopic evaluation was performed 
blindly. Erkhardt et al. (1972) exposed two groups of Cynomolgus 
monkeys, for 22 hours a day for 2 years - one group to 20 ppm of CO, 
the other to 65 ppm of 00 and showed no cardiac fibrosis. Exposure of 
rats and mice to 50 ppm CO for 5 days a week for a period of three 
months showed no physiological change (Stupfel and Bowley 1970). 
Whilst Armitage et al. (1976) using normocholesterolemic birds also 
found a negative effect of 00 on the development of arteriosclerosis, 
in hypercholesterolemic pigeons the incidence of coronary artery
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arteriosclerosis was significantly higher in birds exposed to CO 
than in nonexposed birds.
In conclusion, exposure to CO on its own seems to have little 
effect upon the arterial system. It may cause a raised serum 
cholesterol concentration due to changes in fat metabolism in the 
vessel, however, the cardiovascular effects of 00 are more likely to 
caused by competition with 02 within the cardiovascular system 
itself. Nicotine also exerts some effect upon carbohydrate and fat 
metabolism, increasing the circulating levels of lipids. Whilst 00 on 
its own has little effect upon the arterial system, nicotine on its 
own or a combination of the two, may result the more prolific 
development of arteriosclerosis.
Elimination of carbon monoxide.
Carbon monoxide is eliminated frcm the body almost exclusively 
by the lungs, with less than 1% of the gas being oxidized to 002. The 
biological half-life of the gas depends upon the current diet, basal 
metabolic rate and excercise state of the person, but in healthy 
sedentary subjects it is usually three to four hours (Forbes 1970). 
This time is substantially reduced in conditions of increased 
barometric pressure and 02 concentration.
Estimation of HbOO by the measurement of expired carbon monoxide.
HbCO be measured from venous blood but necessitates an invasive 
procedure. There are obvious advantages if HbCO can be accurately 
estimated frcm the measurement of 00 in expired air. Formation of the 
complex between 00 and haemoglobin occurs according to the formula 
described by Haldane [equation 2.1].
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HbOO = M.POO [2.1]
Hb02 P02
Where M is a constant and in humans lies within the range 200-250 and 
POO is the partial pressure of 00. If the 00 tension in the blood is 
greater than that in the alveolar air, 00 is released by the blood on 
its passage through the lungs until an equilibration is reached. This 
reaction is influenced amongst other things by temperature, pH and 
the value of M which is usually constant for the same animal species. 
Since, in the normal situation these variables remain relatively 
unaltered, the theoretical conditions exist therefore, for the 
calculation of the HbOO concentration in blood, if the CO 
concentration in alveolar air is known. Under normal conditions this 
"equilibrated" CO tension is not constant along the pulmonary 
capillary, but rises as the 02 tension in the blood increases (the 
effect is discussed later in this chapter). This effect can be 
predicted using equation 2.1. As a result of this variation along the 
capillary estimation of "equilibrated" CO tension is difficult to 
obtain, except when the alveolar 02 tension is in excess of 200 mmHg 
(26.7 kPa). At this tension the average 02 tension in the alveolus is 
taken to equal to the arterial 02 tension.
Rebreathing 00.
Sjostrand (1948) obtained alveolar air samples by rebreathing 
100% 02 until an equilibration between 00 in the blood and the lungs 
was reached. Nitrogen was first removed from the lungs to prevent 
variations in C02 and 02. The PCO and P02 values obtained from the 
gas sample could then be used to calculate the concentration of HbOO 
using the Haldane equation.
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A simpler method for estimating expired 00 was also investigated 
where expired air was rebreathed 10 times. This method had an error 
of + 3%, however when a larger number of breaths were used the CO 
concentration fell as a result of the falling 02 pressure. Henderson 
and Apthorp (1960) modified this method by washing out all the 
nitrogen from the lungs by breathing 100% 02 for 3 minutes. Following 
a maximum inspiration the gas was expired into a 5 litre bag and 
rebreathed for a further 3 minutes. From the partial pressures of 00 
and 02 in the equilibrated bag HbCO was calculated using the equation 
of Dahlstrcm [2.2].
HbC30% = (M x 100 x POO) [2.2]
P02 + (M x PC0)
Comparison of HbCO calculated by the rebreathing method with direct 
blood analysis showed that there was a difference between the methods 
of + 10%. This method involves the subject wearing a nose clip and 
breathing through a mouth piece, however, the changes in ventilation 
a result of a valve box and mouth piece will be of benefit for this 
particular technique.
Breath-hold 00.
The rebreathing method is time consuming and needs some 
experimental apparatus. An alternative method has been described by 
Jones et al. (1958) who showed that HbCO concentrations could be , 
accurately estimated following the removal of anatomical and 
instrumental dead space. This method is easy for the subject to 
perform and takes less than 1 minute. These workers showed an 
excellent correlation (although slightly a linear) between direct 
blood estimations of HbCO and breath-hold alveolar 00 concentrations
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following 10 s, 15 s, 20 s and 30 s. Breath-holding at TLC, after 
inspiring from FRC, showed the highest values of PCO were obtained 
following a 30 s breath-hold. Comparison of the 20 s HbCO 
"dissociation curve" with the theoretical relationships between PCO 
and HbCO, constructed from Haldane's equation, showed that the 20 s 
breath-hold curve was superimposed on that calculated for the 
pulmonary capillary blood; thus they argued that the PCO obtained 
following a 20 s breath-hold was in complete equilibration with the 
pulmonary capillary blood.
The work of Jones et al. (1958) was performed at substantially 
higher HbCO concentration than those of smokers. Using the same 
technique as that described above, West (1984) examined the effect of 
breath-hold duration on expired 00 concentration and found that the 
largest concentrations of expired CO were reached after 20 s and 
before 30 seconds.
Mean alveolar 00.
A third method of estimating expired CO is that described by 
Rawbone et al. (1976) who used the Bohr equation [2.3] to calculate 
the mean alveolar 00 partial pressure.
FA,00 = VT.FE,CO - VD.FI,00 [2.3]
VT-VD
Where FE,C0 is the fractional concentration of CO in mixed expired 
air, FI, 00 is the fractional concentration of 00 in inspired air, VT 
is the tidal volume and VD is the dead space estimated from the ideal 
body weight using the factor lml/lb. The CO partial pressures were 
found to be highly correlated with direct measurements of HbOO, and 
attributed the high ability to predict venous HbOO frcm PA,00 to the
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equilibration between alveolar gas and pulmonary capillary blood.
Effect of time and Op concentration on the measurement of expired 00.
Woodman et al. (1987a) have investigated the effect of time on 
the measurement of expired CO. Using 15 subjects they showed that 
breath-hold 00 over all subjects declined biphasically after smoking 
with an initial fast phase from minute 1-5, followed by a slower 
phase from minute 5-60. They commented that the rapid fall may well 
be a result of CO being washed out from the lung following smoking 
and concluded that expired 00 measurements should not be made for at 
least 5 minutes after the cigarette is finished. However, making 
measurements of expired 00 2, 11 and 31 minutes after smoking, Zacny 
et al. (1987) concluded that the rate of 00 decline in alveolar air 
was linear across the post-smoking period.
In a study by Douglas et al. (1912) the effect of 02 on the 
formation of HbOO was investigated by exposing a blood solution to a 
constant CO concentration whilst 02 was varied between 0 and 100%. 
They found an inverse relationship between 02 tension and the amount 
of 00 held by haemoglobin. This can be shown in the following 
equation where an increased 02 level will shift the equilibration to 
the left as shown in equation 2.4.
Hb02 + CO t  HbOO + 02 [2.4]
The transfer factor for 00 shows a fall when the 02 tension is raised 
presumably due to the same effect where the rate of uptake of CO by 
the red cells is lower at higher 02 levels.
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Carbon monoxide in cigarettes.
In this country, the 00 yield of cigarettes is determined by the 
Health Department of the United Kingdom. The smoke obtained from a 
cigarette when smoked by a machine is collected and analysed, a 
process which is discussed in detail later in this chapter. The CO 
concentration of inhaled smoke is approximately double in the last 
few puffs compared to the first (Cole 1981), and is produced of 
incomplete combustion of carbon material in tobacco and 002 reduction 
(Gori and Ellis 1979). There is considerable variation in the amount 
of CO obtained from cigarettes under standard conditions. Mainstream 
cigarette smoke (smoke that is drawn through the cigarette) varies 
from 0.5 - 22.4 mg CO per cigarette depending upon the variety of 
tobacco leaf, packing density, porosity of paper and type of filter 
used. Sidestream smoke (smoke that arises from the burning tip of the 
cigarette and enters directly into the atmosphere) sbowes a range of 
3.4 - 148.0 mg CO per cigarette. When sidestream and mainstream CO 
values are measured in the same cigarette a ratio can be derived. 
Aviado (1984) reviewed the published sidestream/mainstream ratios and 
found a range from 0.18 - 4.17, whilst other published work reports 
this ratio as 2.5 (Surgeon General 1984).
In general, ventilated cigarettes yield less CO than 
unventilated cigarettes due to the increased availability of oxygen 
for combustion. Tar and nicotine yields of cigarettes are highly 
correlated; 00 and nicotine yields are also significantly correlated 
but the relationship is much weaker (Russell et al. 1975b).
An assessment of the dose of tobacco smoke, obtained by a 
smoker, can be made by analysis of certain smoke components. 00 is a 
measure of the gas/vapour phase of smoke whilst other components such
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as nicotine (see Chapter 6) is a reflection of particulate matter. It 
is important to state that these two phases of tobacco smoke are not 
synonymous since they may behave differently in terms of pulmonary 
distribution and absorption. When CD comes into contact with blood it 
forms HbCO which has been used extensively in the literature as an 
index of tobacco smoke uptake.
Measurement of HbOO.
There are direct and indirect methods of estimating HbOO levels 
in the body. The first requires a sample of blood, is invasive and 
therefore involves some trauma to the participating subject. The 
second method is based upon measurement of expired CD obtained frcm 
the alveolar region of the lung. Expired CO and HbCO are highly 
correlated (Table 2.1) with similar linear regression equations being 
reported in the literature (Table 2.2). Thus alveolar 00 has often 
been used as a non-invasive method of estimating HbCO levels in 
smokers (Mcllvaine et al. 1969, Lando 1975, Horan et al. 1978, 
Henningfield et al. 1980 and Burling et al. 1983). HbCD can also been 
measured using an ear oximeter, this method has however not proved as 
popular as the measurement of expired CD.
Smokers and non-smokers.
HbCO levels in smokers, measured directly or indirectly are 
significantly higher than in non-smokers or abstainers (Hawkins et 
al. 1976, Horan et al. 1978, Rawbone et al. 1978). There is some 
overlap between distributions of HbOO between these two groups, which 
is probably attributable to raised ambient 00 levels, endogenous 00 
production or smoking when claiming to be a non-smoker (Rawbone et 
al. 1976, Wald et al. 1981a).
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Table 2.1
Correlation coefficients between alveolar CO and 
carboxyhaeiroglobin.
First Reference r value Method 
author year
No. of subjects 
(observations)
Cohen 1971 0.94 20 s Bh 9 (19)
At TLC from RV
Rea 1973 0.93 20 s Bh
At TLC from RV
59
Rawbone 1976 0.96 Tidal breathing 16 (30)
Jarvis 1980 0.98 20 s Bh 182
At TLC from RV
Wald 1981 0.97 20 s Bh
At FRC
187
(162 smokers 
25 non-smokers)
Heinemann 1984 0.97 10 s Bh 
Collect 
ERV
348
Jarvis 1986 0.98 20 s Bh 75
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Guyatt et al. (1981) have shown that CO cannot be absorbed in 
the upper respiratory tract, thus a raised level in the blood 
indicates passage of smoke into the alveolus. The increase in HbCO on 
smoking a cigarette has been used as an indicator of smoke uptake by 
the smoker and has thus formed an important component of the 
hypothesis linking cigarette smoking with health hazards.
Several workers have claimed to shew a relationship between the 
degree of inhalation and the HbCO level (Anderson et al. 1975, 
Goldman 1977, and Vanuxem et al. 1983). When alveolar CO is used to 
infer the HbCO boost, reported results have been equivocal; Rawbone 
(1981), using a pneumogram to record chest wall movements, found that 
the "exposure index" (the area under the pneumogram trace expressed 
as 1/s) was highly correlated with the increment in expired CO 
(r=0.96, p<0.001), especially under conditions of exagerated smoking, 
whereas Adams et al. (1983) found this not to be so. Other workers 
have shown that the 00 boost is weakly correlated with simultaneous 
measurements of inhalation using spirometry or radio-isotope 
techniques (McBride et al. 1984 and Woodman et al. 1986).
Carbon monoxide as a smoking behaviour check.
It was fist noted by Rosenberg (1972) that estimation of HbCO 
may be a useful tool in anti-smoking clinics since it can be used to 
detect differences between smokers and nonsmokers. Ohlin et al. 
(1976) estimated HbCO concentrations in patients attending such a 
clinic and found that 25 out of 130 patients had HbCO levels above 
what was considered normal (< 0.8%). Using the same methods Sillett 
et al. (1978) observed that up to 40% of "non-smokers" had raised
Inhalation and HbQO.
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Comparison of linear regression equations for alveolar 00 
and HbCO.
Table 2.2
First Reference Equation Analyser
author year
Cohen 1971 HbOO % = 0 .6 0  + 0 .3 0 0  . (00  ppm) N/A 
Rawbone 1976 HbOO % = 1 .4 8  + 0 .1 1 7  . (00  ppm) Infra-red
Jarvis 1980 HbOO % = -0 .2 8  + 0 .1 7 5  . (ECO ppm) Ecolyser
Wald 1981 HbCO % = -0 .1 4  + 0 .1 8 0  . (CO ppm) Ecolyser
Heinemann 1984 HbOO % = 6 .2 6  + 0 .1 9 4  . (00  ppm) Infra-red
Jarvis 1986 HbOO % - 0 .4 5  + 0 .1 6 0  . (00 ppm) 00 Tracer 
HbOO % = 0 .6 3  + 0 .1 6 0  . (00 ppm) EC 50
Where: N/A = not available, ECO = expired 00 concentration. 
Details of methods of measurements and number of subjects or 
observations used are given in Table 2.1.
HbCO levels and concluded that deception appears to be common In 
people trying to give up smoking.
Carboxyhaemoglobin and smoking.
HbCO levels are significantly correlated with the interpuff 
interval, cigarette duration, depth of inhalation and the 00 yield of 
the cigarette smoked (Burling et al. 1983), are raised or "boosted" 
with further smoking (Castleden and Cole 1974, Anderson et al. 1975 
and Russell et al. 1977), and the magnitude of this boost is 
dependent upon the size of puff volume (Zacny et al. 1987, although 
these workers did use expired CO). Reported HbCO concentrations, 
attained by smoking, show seme variation which is probably related to 
the type of cigarette smoked and whether the person inhaled the 
smoke. In a group of five smokers (two male, three female) overall 
mean values of HbOO, calculated from expired air 00 concentrations, 
were 3.8% (Mcllvaine et al. 1969). Whereas Wald et al. (1980) 
calculated a mean HbCO concentration of 5.0% in 331 males smoking 
ventilated filter cigarettes and 5.4% in 875 males smoking 
unventilated filter cigarettes. By contrast, Saloojee et al. (1982) 
found a mean HbOO concentration of 7.09% in 360 cigarette smokers.
Daily variations in HbOO.
In smokers, CO levels are lowest on awakening. In a study by 
Castleden and Cole (1974) random estimation of HbCO gave a good 
indication of the mean HbOO level of an individual. Similar results 
have been documented for HbOO (Rawbone et al. 1976) and for expired 
CO (Ringold et al. 1962, Mcllvaine et al. 1969, Cohen et al. 1971, 
Horan et al. 1978 and Henningfield et al. 1980) although in these 
studies levels rose progessively during the day.
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Part 2: Cigarette smoking.
Introduction.
The term smoking behaviour, used in this thesis, describes 
cigarette consumption and the process of smoke generation; for 
example puff volume, puff duration, puff interval, peak pressure, 
cigarette draw pressure at a flow of 17.5 ml/s etc. Smoke uptake was 
estimated by measuring HbCO (directly and indirectly), plasma 
nicotine and cotinine before and after smoking a cigarette from which 
the change or boost can be calculated.
Measurement of human smelting behaviour.
Numerous methods have been employed to measure smoking 
behaviour: puff duration, puff volume, puff interval, flows, 
pressure, number of puffs and total smoking time etc. Qualitative 
records can be made using a video recorder where the number of puffs 
can be counted, puff duration estimated by measuring the time the 
coal glows red, and puff interval by timing the interval between 
puffs, however, this method has obvious limitations.
For quantitative measurements some type of cigarette holder is 
necessary and the measurement of puff volume has proved most 
difficult. Techniques reported include estimation of puff volume by 
graphical integration of the area under the curve obtained using a 
thermistor-containing cigarette holder (Henningfield and Griffiths, 
1979), measurement of the vacuum produced in a cigarette holder 
during puffing (Epstein et al. 1982) and by integration of flow rate 
as measured by the pressure drop across a fixed resistance. This 
resistance can be a wire gauze screen (Adams et al. 1983), or a 
length (6 mm) of acetate filter (Rawbone et al. 1978). However, the
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permeability and resistance may change as tar condenses in the 
holder. These problems may be overcome by use of an orifice plate 
(Creighton et al. 1978), which replaces the gauze/filter described 
above.
Are measures of smoking different from those seen in the natural 
setting?
Although it is possible to accurately measure smoke generation, 
it is important to know whether the method of measurement is altering 
what is being measured, and several studies have compared qualitative 
and quantitative methods of measuring smoking behaviour in natural 
and experimental situations.
Ccmer and Creighton (1978) made measurements of puff number and 
puff interval in the laboratory (using a cigarette holder) and at a 
lunch time social meeting (using trained observers). They found a 
reduction in mean puff duration, mean puff number and an increase in 
mean puff interval when a cigarette was smoked without the holder. 
These workers also showed that the amount of nicotine puffed fncm a 
cigarette (as measured using butt nicotine analysis) is higher in the 
laboratory compared to natural environment. Similar findings have 
been reported by Russell et al. (1982) who demonstrated a mean 
difference in butt nicotine concentrations of 31.3% (mean of three 
occasions), however as subjects became used to laboratory smoking 
this difference became less.
Rawbone et al. (1978) have proposed that there are significant 
differences in smoking profiles between individuals when smoking with 
and without a holder, which may result in changes in smoke delivery 
(Creighton and Lewis 1978b). Using 6 inpatients attending an alcohol
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treatment programme, Ossip-Klein et al. (1983a) compared smoking 
behaviour under three different conditions. In the natural setting, 
video recordings were made without the subject being aware, whereas 
in the clinical setting the video camera was in full view of the 
subject. The laboratory setting was the same as the clinical but 
measurements of smoking behaviour were also made using a cigarette 
holder. They found that puffing patterns in clinical and laboratory 
settings were similar, subjects generally took significantly longer 
puffs and smoked for a shorter time compared to the natural 
environment. However, Wien smoking in a laboratory, the mean number 
of puffs were significantly greater than in the other two settings. 
In observations of cigarette smoking, Fisher (1984) measured the 
number of puffs, mean duration of puffs and smoking duration in 200 
subjects and concluded that a number of laboratory studies have used 
smoking patterns that are at variance with how the majority of people 
actually smoke.
Tobin and Sackner (1982) have compared natural smoking and 
smoking with a holder using an inductive p 1 ethysmographic coil placed 
around the cheeks to measure puff volume when smoking high and low 
tar cigarettes. When smoking high tar cigarettes use of a cigarette 
holder resulted in significant increases the number of puffs' per 
cigarette and puff volume.
Measurements of smoking behaviour: are they reproducible?
Accurate measurements of puff volume can only be made using seme 
sort of cigarette holder. Accepting that the holder does affect a 
persons smoking behaviour, and taking steps reduce the effects of the 
holder to a minimum, a very important question to answer is: are
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measurements of smoking behaviour made in experimental situations 
reproducible?
Comer and Creighton (1978), using the previously descibed 
indices, made measurements one year apart and found no significant 
differences. Rawbone et al. (1978) reports that "holder behaviour" is 
reproducible: using 6 subjects, Lichtenstein and Antonuccio (1981) 
reported that qualitative measurements of smoking behaviour were 
significantly correlated between sessions. Using a cigarette holder, 
Henningfield and Griffiths (1979) investigated the variability of 
smoking behaviour in 19 heavy smokers. From a mean of 9.5 
experimental sessions they concluded that, within subjects, cigarette 
smoking was consistent over time. Battig et al. (1982) have shown 
good test, re-test reliability of measured smoking behaviour (number 
of puffs, puff interval, puff duration, puff volume etc) in 110 
subjects who smoked two cigarettes within a 90 minute period. Adams 
et al. (1983) report marked individual differences in patterns of 
puffing and ventilation, which were consistent over a 3-5 week 
period, while Gust et al. (1983) report that topographical measures 
of smoking shew wide variability across subjects, but measures were 
relatively stable within subjects over a period of five days. 
Performing studies at least four weeks apart, McBride et al. (1984) 
have reported similar findings as did Woodman et al. (1986) who made 
measurements of 4 separate occasions.
Inhaled smoke volume.
The available methods of measuring puff volume have been 
described, however, in order to obtain a more complete picture of 
smoking behaviour it is necessary to know how much of the puff is
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inhaled by the smoker. Woodman et al. (1986) have measured inhaled 
smoke volume by tracing the smoke with inert gas ®lmKr. They found 
that the inhaled smoke percentage (total inhaled smoke volume/total 
puff volume) averaged 46% to 85% in different subjects. The wide 
range of inhaled smoke percentage is probably a result of the 
different smoking patterns from one person to another and may be 
explained by smoke being taken into the mouth and immediately allowed 
to drift out or forcibly expelled frctn the mouth before inhalation. 
This is termed "waste smoke" (Sinclair 1984). There was no 
correlation between either mean inhaled volume or total inhaled 
volume per cigarette with any of the puffing indices. This is the 
only work of its type and therefore needs to be varified, however, 
there may be important implications particularly concerning 
interrelationships between measures of smoking.
Markers of tobacco smoke uptake: Nicotine and its metabolites.
Nicotine is thought to be the chief pharmacological agent in 
cigarettes and was first isolated fncm tobacco in 1828. Armitage et 
al. (1975) have shown that no more than 25% of the nicotine contained 
in a cigarette appears in mainstream smoke. Nicotine is a water and 
fat soluble alkaloid, having the formula Cio%4N2 (Figure 2.1). 
Nicotine can be absorbed through the skin, oral and nasal membranes, 
stomach and intestines and uptake is much greater under alkaline 
conditions when compared to acid.
Smokers who inhale cigarette smoke retain between 82 and 95% of 
the nicotine that they take into their mouth, whereas smokers who do 
not inhale the cigarette smoke absorb much less nicotine. Russell 
(1975a) has shown that mid morning plasma nicotine levels show marked
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variation between individuals, ranging from 15.5 to 38.4 ng/ml (95.6 
to 236.7 mmol/1) and in 1980, Russell et al. (1980a) reported an 
extended range from 4 to 72 ng/ml (25 to 444 mmol/1). Armitage et 
al. (1975) have reported arterial plasma concentrations of 31.3 to
41.0 ng/ml (193.0 to 252.8 mmol/l) immediately following smoking.
Nicotine is rapidly metabolised to at least four primary 
metabolites, of which cotinine and nicotine-N-oxide are the main 
products. The major organ of metabolism is the liver, although 
oxidation is also performed in the kidneys and lungs.
Nicotine is found in most body fluids including saliva and urine 
(nicotine is concentrated in saliva and urine, the value depending 
upon the pH of the fluid). Although the levels in the blood change 
rapidly during and after smoking, nicotine has been used as a marker
N ch3 o
Nicotine-N-oxide C b tin in e
Figure 2.1. Nicotine and its two main metabolites.
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of cigarette smoke. The terminal half-life of nicotine is around 40 
minutes, ranging from 24-84 minutes (Armitage et al. 1975). This 
value probably includes a distribution component; Rosenberg et al.
(1980) calculate a nicotine half-life of about 90 minutes.
A tobacco smoke marker should, ideally, give an average 
indication of the cumulative smoke uptake and not simply be 
representative at a particular moment. The inherent difficulties of 
using nicotine as a smoke marker may be overcome by the use of 
cotinine. Determinations of plasma cotinine as a marker for nicotine 
uptake have received acceptance by a number of investigators (Hill et 
al. 1983, Benowitz et al. 1983a and Russell et al. 1986), and 
Galeazzi et al. (1985) have shown that plasma cotinine concentrations 
are linearly and directly related to nicotine uptake. Cotinine can be 
estimated from most body fluids and compared to nicotine has a much 
longer half-life; Benowitz et al. (1983b) estimate a half-life of 
approximately 17 hours. Plasma levels of these markers are very 
variable since they are dependent upon the amount of nicotine 
absorbed, the clearence rate, and in the case of cotinine the 
fraction of nicotine converted. The average blood cotinine 
concentration in smokers has been reported to be 300 ng/ml (1.85 
umol/l, Benowitz et al. 1983b). Using very low tar (less than 1 mg) 
yield cigarettes, Gori and Lynch (1983) measured a cotinine range 
frcm nan-detectable to 800 ng/ml (4.93 umol/l).
Smoke markers and the effect of inhalation volume.
The effect of changing inhalation volume (0-60% of VC) on the 
boost in plasma nicotine and expired CO has been investigated by 
Zacny et al. (1987). They concluded that as long as the smoke got
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into the lung, increasing inhalation volume had no significant effect 
on these measurements.
Smoke markers and the effect of breath-holding.
Zacny et al. (1987) investigated the effect of breath-hold 
duration (0-16 s) on the expired CO and plasma nicotine boost 
following smoking. Breath-holding had no effect on the boost in 
plasma nicotine. However, with increasing breath-hold there was a 
step-wise increase in the expired CO boost which was significant 
between a breath-hold of 4 and 8 s.
Are markers of tobacco smoke uptake reproducible?
Measurements of smoke uptake seem to follow a similar trend to 
that described for smoking behaviour. Russell et al. (1975a) showed 
that despite great variation between individuals, mid-morning plasma 
nicotine levels were fairly constant over four days of measurement 
and Gori and Lynch (1983) have reported similar stability when 
cotinine was measured over several weeks.
The literature suggests that whilst laboratory measurements of 
smoking behaviour may not be identical to those found in an every day 
situation, they are reproducible. The present study investigates this 
topic further, looking at the reproducibility of measurements made 
once a month for 5 months.
Measurement of cigarette yields by machine.
In order to evaluate the health risk of different cigarettes it 
is necessary to provide some standardised measure of the toxic 
substances in cigarettes to allow comparison. In April 1973, the 
Government published for the first time the tar and nicotine yields
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of cigarettes sold in the United Kingdom. The purpose of such a 
"league table" was presumably to serve as a guide to those who seek a 
"less harmful" cigarette. The standard method used by the Government 
Chemist for production of the tar table is as follows. A smoking 
machine takes a 35 ml bell-shaped puff, at the rate of 17.5 ml/s, 
once a minute. Each cigarette is smoked to a standard butt length. 
The total particulate matter of the smoke entering the machine is 
trapped on glass fibre filter paper held in a Cambridge filter 
holder. The filter is weighed before and after smoking a cigarette 
and the weight gain (X) is calculated. Following "smoking" the filter 
pad is placed in 20 ml of a propan-2-ol/ethanol mixture and shaken 
for 20 minutes. The propanol extracts the water which can be 
quantified using gas liquid chromatography (Y). 80 ml of 0.02M
sulphuric acid is then added to the remaining propanol which extracts 
the nicotine alkaloids into solution and these (Z) are determined 
using a colorimetric procedure. The ’Tar’ yield, known more correctly 
as Particular Matter, Water and Nicotine Free (PMWNF) is calculated 
from equation 2.5.
X-(Y+Z) [2.5]
After the smoke phase has been drawn through the filter the 
vapour phase is collected in a bag. The gas is analysed using a non- 
dispersive infra red analyser to measure the CO content. The CO 
yield (mg/cigarette) is calculated using the gas laws to correct for 
the volume, known from the number of puffs taken, to standard 
temperature and pressure. This procedure is repeated 30 times for 
each cigarette and the data obtained is used to construct the tar 
table.
36
There are continuing efforts to induce smokers to use lower tar 
yield cigarettes, and this has been achieved, in part, by altering 
the thresholds of the bands within the tar table itself. Until late 
1984 the tar table was divided into 5 sections: -
High tar (29+ mg)
Middle to high tar (23-28 mg)
Middle tar (17-22 mg)
Low to middle tar (11-16 mg)
Lew tar (10 mg or less)
In January 1985, as part of a voluntary agreement between the 
Government and the tobacco industry, aimed at further reducing the 
mean tar yield of cigarettes, new band thresholds were introduced 
with the elimination of the middle to high category:-
High tar (18+ mg)
Middle tar (15-17 mg)
Low to middle tar (11-14 mg)
Low tar (10 mg or less)
The tar table is published once every 6 months and has been used 
extensively in the present study to find cigarettes to which subjects 
can switch which, on average, yield 3 mg of tar less than their 
present brand. However, the table is used only as a reference, and it 
is important to realise that the yield obtained by the smoker may 
well be very different from that obtained by machine. The tar, 
nicotine and CO yields used in this study were obtained from the 
Government Chemist.
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How do cigarette yields relate to those obtained by the smoker?
Benowitz et al. (1983a) demonstrated that tobacco from low tar 
yield cigarettes does not contain less nicotine than tobacco from 
higher tar yield cigarettes. In fact there is an inverse relationship 
between the tobacco nicotine concentration and the yield measured by 
machine. Yields are thus altered by using filters of different 
efficiency, ventilation and porous papers which can dilute the smoke 
and alter the bum-time of the cigarette. Using ultra low tar yield 
cigarettes, Schlotzhauser and Chortyk (1983) showed that as a result 
of ventilation hole blocking, increase in puff volume or puffing 
frequency, the yield of the cigarette could vary betweeen 200 and 
300%. Lombardo et al. (1983) found that people who said that they 
did not block these holes did to some extent, especially as the butt 
length became very short.
Fran 100 cigarettes smoked by 20 subjects, Rawbone et al. (1978) 
found puff volume and puff duration to be significantly higher and 
puff interval significantly lower than those obtained when a 
cigarette is smoked by a machine under standard conditions as used by 
the Government Chemist. Knowing the filter efficiency, mouth intake 
of tar can be derived by the measurement of filter nicotine. Using 
this method, Rawbone (1984a) showed that most middle tar smokers 
(98%) achieve an estimated tar delivery within or below the league 
table middle tar band, whilst 70% of low tar cigarette smokers fell 
within the low tar band.
Using an instrument that duplicated human smoking patterns, 
Creighton and Lewis (1978a) found that deliveries of tar nicotine and 
CO, were generally higher and differed widely from the standard 
machine conditions detailed above.
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Creighton and Lewis (1978b) found that deliveries were affected 
by puff volume, inter-puff interval and the shape of the puff 
(profile). They concluded that the delivery of smoke components were 
not primarily dependent upon one single factor, all three have an 
effect and interrelate with each other. Filtration efficiency of a 
filter is dependent upon the velocity of smoke passing through a 
filter (Creighton and Lewis 1978b). Since flows often exceed 60 ml/s, 
the authors concluded that sane discrepancy between yields obtained 
by human and machine smoking is to be expected.
Cigarettes do not deliver measured doses of tar nicotine and 00 
the way a capsule delivers a drug. Yields can be altered by changes 
in the number of puffs, puff volume, puff profile and inter-puff 
interval. Thus it is not possible to predict with any accuracy the 
delivery of the cigarette. It is therefore important to remember that 
the tar, nicotine and CO yields of cigarettes, published by the 
Government Chemist (as determined by one arbitrary smoking pattern), 
serve only to act as a guide.
Sex differences in smoking behaviour.
There are relatively few reports in the literature comparing 
smoking measurements between men and women. Both sexes take a similar 
number of puffs from a cigarette, however, in a sample of high rate 
smokers, males take significantly longer but not larger puffs 
compared to females (Epstein et al. 1982). Using 77 men and 127 
women, Jaffe et al. (1981) reported than men smoke significantly more 
cigarettes and have higher levels of expired CO compared to women. 
Battig et al. (1982) compared 67 male and 43 female subjects and 
found that men take signficantly larger and longer puffs, have a
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smaller rise in expired CO following smoking and have a larger 
nicotine intake compared to women. However, there were no differences 
in the number of cigarettes consumed per day, latency to first 
cigarette, baseline (morning) 00 levels, tar, nicotine or 00 yield. 
When comparing cigarette tar, nicotine and CO yield, cigarette 
consumption, HbCO, plasma nicotine and cotinine measured in 255 women 
and 137 men, Russell et al. (1986) reported a significantly higher 
cigarette comsumption in males.
Are there any differences between habitual low, low to middle and 
middle yield cigarette smokers?
Rawbone et al. (1978) compared inhalation patterns with the 
alveolar 00 boost in low and middle tar smokers. While the slope of 
the relationships were different, predicted (using 00 yield data) and 
experimental regression lines were not significantly different. These 
workers concluded that although abosolute levels were different 
between tar groups, patterns of inhalation in these two groups were 
similar. Whilst the CO boost was significantly larger in the middle 
tar group, pre-smoke 00 was not significantly different between the 
two groups. Puff duration, puff interval and number of puffs, were 
also not significantly different between groups, however, nicotine 
available to the smoker was significantly greater in the middle tat 
group.
Jaffe et al. (1981) compared CO levels in 200 smokers who had 
spontaneously switched to lower tar/nicotine cigarettes and found no 
change in expired 00 as tar yields changed. However, Russell et al. 
(1986) compared 151 low tar smokers with 241 low to middle/middle tar 
smokers and found that the low tar smokers took in significantly less
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tar, nicotine and CO compared with the higher tar yield cigarette 
smokers.
Hew do markers of smoke uptake relate to cigarette yields?
Nicotine yield and plasma nicotine.
Benowitz et al. (1983a) concluded that smokers of lower yield 
cigarettes do not consume less nicotine, however, using stepwise 
multiple regression analysis, which takes into account the influence 
of the other variables measured, Russell et al. (1980a) found that 
blood nicotine levels were very weakly correlated with nicotine yield 
of a cigarette (r=0.21 p<0.001 n=330). In 1986 Russell et al. 
reported that low yield cigarette smokers take in less tar, nicotine 
and CO compared to middle and low to middle yield cigarettes. 
Russell's 1980 study has been critised on the grounds that plasma 
nicotine is not normally distributed. Using log linear analysis, 
Heming et al. (1983) found that the plasma nicotine boost was 
significantly correlated with nicotine yield (r=0.52 p<0.001 n=ll), 
however this relationship could only explain 25% of the variability. 
By contrast, using product moment correlation, Sutton et al. (1982) 
found no significant correlation between cigarette nicotine yield and 
plasma nicotine levels (r=0.10) or cigarette consumption (r=-0.14).
Nicotine yield and HbCO.
Two groups of workers have shown that HbCO and nicotine yield 
are negatively correlated (r=-0.21 p<0.01 Russell et al. 1980a and 
r=-0.31 p<0.025 Sutton et al. 1982 [men only in both groups]). 
However, Hill et al. (1983) were not able to reproduce these 
observations.
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The difficulties in using plasma nicotine as a smoke marker have 
already been discussed, and it is possible that cotinine may be a 
more reliable index. Benowitz et al. (1983a) compared plasma cotinine 
with cigarette nicotine yield, but found no significant correlation 
(r=0.15 n=137). By contrast, Russell et al. (1986) have reported a 
weaker but significant relationship between these two indices (r=0.13 
pCO.OOl n=241). Gori and Lynch (1983) have reported a significant 
correlation between plasma cotinine and daily available nicotine 
(r=0.47 n=151).
Nicotine yield versus measures of smoking behaviour.
Battig et al. (1982) have shown an inverse relationship between 
nicotine yield and mean puff volume and puff duration in women and 
mean puff pressure in men.
00 yield and HbOO.
CX) has been proposed as marker of tobacco smoke uptake, but what 
is the relationship between the 00 yield when a cigarette is smoked 
by a machine and 00 uptake When smoked by a human?
Russell et al. (1986) have shown that 00 yield is significantly 
correlated with HbCO (r=0.25 p<0.001 n=392), as did Burling et al.
(1983) using alveolar CO. Battig et al. (1982) have shown that 
expired CO is unrelated to CO yield (r=0.05) as did Sutton et al. 
(1982 r=0.03 n=55), however, using multiple regression analysis the 
overall effect of CO yield on HbCO was significant (total effect = 
0.63 p<0.05). In general therefore the relationship between HbOO and 
00 yield, even when significant, seems to be poor.
Nicotine yield versus plasma cotlnine.
Tar, nicotine and 00 yields are highly correlated (Sutton et al. 
1982, Russell et al. 1986). Plasma nicotine and HbCO are 
significantly correlated with tar yield, whereas cotinine and 
cigarette consumption were unrelated to tar yield (Russell et al. 
1986). Sutton et al. (1982) have reported a similar relationship 
between consumption and yield (r=-0.15) but failed to show a 
significant relationship between tar yield and HbOO (r=-0.24), as did 
Jaffe et al. (1981) using expired GO.
The literature therefore presents a picture of machine yields 
bearing little resemblance the amount of nicotine and CO that a 
smoker obtains from a cigarette. The uptake of tobacco products is 
likely to be dependent upon the way a person smokes rather than the 
yield of the cigarette.
I n t e r r e l a t i o n s h i p s  b e t w e e n  m e a s u r e m e n t s  o f  s m o k i n g  b e h a v i o u r  a n d  
s m o k e  u p t a k e .
Plasma nicotine versus number of cigarettes per day.
Consumption of cigarettes per day is a poor indicator of plasma 
nicotine. Russell (1980a) has shown that peak plasma nicotine, 
immediatelly following smoking does not correlate significantly with 
cigarette consumption. A similar conclusion was reached by Sutton et 
al. (1982), however, Hill et al. (1983) have reported a significant 
correlation between plasma nicotine and the number of cigarettes 
consumed per day but this relationship could only account for about 
14% of the variation in the data.
Tar yield and other variables.
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Sutton et al. (1982) showed that total volume puffed is 
correlated with plasma nicotine (r=0.49 pCO.OOl).
Plasma nicotine boost versus puff duration.
In a study by Heming et al. (1983), comparison of log rise in 
plasma nicotine and puff duration showed an insignificant negative 
correlation. Moody (1984) has reported a significant correlation 
between daily nicotine uptake and puff duration (r=0.315 pCO.OOl).
Plasma nicotine boost versus puff volume.
Heming et al. (1983) compared log rise in plasma nicotine and 
puff volume and showed no significant correlation. However, by using 
an estimation of butt nicotine levels, Moody (1984) has reported a 
significant correlation between daily nicotine uptake and puff volume 
(r=0.166 p<0.01 n=517).
Plasma nicotine boost versus number of puffs.
Heming et al. (1983) compared log rise in plasma nicotine with 
number of puffs and found that they were significantly correlated 
(r=0.28 p<0.05). Moody (1984) has reported a significant correlation 
between daily nicotine uptake and the number of puffs (r=0.204 
pCO.OOl).
Plasma nicotine boost versus interpuff interval.
Heming et al. (1983) has shown an insignificant negative 
correlation between log rise in plasma nicotine and interpuff 
interval. Moody (1984) reached a similar conclusion when comparing 
daily nicotine uptake and intervals between puffs.
Plasma nicotine versus total puff volume.
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Russell et al. (1975a) showed that mid morning pre-smoke plasma 
nicotine and HbCO are highly correlated (r=0.82 pCO.OOl n=10). 
However, in 1980 Russell reported a lower correlation (r=0.51) using 
124 male smokers. Using expired 00 to estimate HbOO, Ashton et al.
(1981) documented a stronger relationship (r=0.89 p<0.001 n=12), 
Sutton et al. (1982) have computed an r value of 0.52 (pCO.OOl), and 
Hill et al. (1983) calculated a significant correlation coefficient 
of 0.62 using 235 men.
Plasma nicotine versus HbOO boost on smoking.
Ashton et al. (1981) have shown that nicotine uptake is 
unrelated to the uptake of 00. However, Heming et al. (1983) found a 
significant correlation (r=0.43 p<0.05) when comparing log rise in 
plasma nicotine with rise in expired 00.
Plasma nicotine versus cotinine.
Using 86 subjects, Gori and Lynch (1983) investigated the 
correlation between plasma nicotine and plasma cotinine, and reported 
a highly significant correlation coefficient of 0.84 (pCO.OOl). In 
the same year Hill et al. published a similar value (r=0.73) obtained 
using 235 male subjects.
Cotinine versus number of cigarettes per day.
Benowitz et al. (1983a) compared cotinine with daily cigarette 
consumption and found them to be significantly correlated (r=0.40 
p<0.01 n=144), as did Hill et al. (1983). Pojer et al. (1984) have 
also looked at this relationship and report a significant correlation 
coefficient of 0.34 (pCO.OOl n=187), however, this only accounts for
Plasma nicotine versus HbOO.
45
about 10% of the variability of the data.
HbOO versus Cotinine.
Comparing HbCO and plasma cotinine, Hill et al. (1983) have 
reported a significant relationship (r=0.69 p<0.001 n=460). A 
similar result has been reported by Pojer et al. (1984).
HbOO versus number of cigarettes per day.
HbCO levels are significantly correlated with self-reported 
number of cigarettes smoked per day (Torbati et al. 1974 and Vanuxem 
et al. 1983). Vesey et al. (1982), Hill et al. (1983) and Pojer et 
al. (1984) reported the following correlation coefficents: r=0.416 
n=360; r=0.53 n=235 and r=0.410 n=187 respectively (all p<0.001). 
These correlations are not as high as expected; the data of Vesey et 
al. were not normally distributed but logarithmic transformation had 
little effect upon the correlation coefficient (r=0.48). Similar 
results have been documented when HbOO is estimated using expired 00 
(Rea et al. 1973, Vogt et al. 1977, Horan et al. 1978, Henningfield 
et al. 1980, Jaffe et al. 1981 and Battig et al. 1982). However, in 
1980, Russell et al. concluded that only 9% of the variation in the 
amount of smoke taken into the smokers lungs could be attributed to 
the relation between HbCO and cigarette consumption. Sutton et al.
(1982) found no significant relationship between the level of HbOO 
and reported cigarette consumption.
HbOO boost versus puff volume.
Relating measurements of smoke uptake with smoking behaviour, 
Anderson et al. (1975) found a significant relationship between the 
HbOO boost (the difference between pre and post-smoking HbOO samples)
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and puff volume. However, while Woodman et al. (1986) showed no 
significant correlation between the expired CD boost and mean puff 
volume (r=0.62 p>0.05), these workers did show a significant 
correlation between the expired CO boost and total puff volume 
(r=0.77 p<0.05).
Alveolar 00 versus measurements of smoking behaviour.
Using a stepwise-inclusion multiple regression analysis Adams et 
al. (1983) showed no significant relationship between expired 00 and 
the number of puffs or puff volume. Using a multiple regression 
equation, Burling et al. (1983) found that 36% of the variability in 
alveolar CO levels could be explained in terms of inter-puff 
interval, 00 yield and daily cigarette rate.
Puff duration versus number of cigarettes per day.
Using 63 smokers, Epstein et al. (1982) found that puff duration 
is significantly correlated with puff number (r=0.46 p<0.05 in 30 
males).
Puff duration versus puff volume.
On a puff-by-puff basis, Gust et al. (1983) showed that puff 
volume was significantly correlated with puff duration in 5 out of 8 
subjects. Using mean data, Adams et al. (1983) showed that there is a 
relationship between puff duration and puff volume (r=0.74 n=10). 
These observations support the work of Epstein et al. (1982) who 
reported a correlation coefficient of r=0.39 (p<0.05 n=30) for these 
two indices.
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Puff duration versus the length of tobacco rod, distance from coal to
mouth and nicotine yield.
Nemeth-Cosiett and Griffiths (1984) investigated the effects of 
tobacco rod length, the coal:mouth distance and nicotine yield in 
nine subjects who could not see their cigarettes. Puff duration 
correlated with the length of the tobacco rod whilst the coal:mouth 
distance, nicotine yield, and particulate build up during smoking did 
not contribute significantly to the control of puff duration.
Puff volume versus puff number.
Comparison of puff number with puff volume showed no significant 
relationship (Epstein et al. 1982).
Puff volume versus puff interval.
Puff volume and puff interval appear not to be significantly 
correlated (Adams et al. 1983).
Determinants of total volume puffed.
Sutton et al. (1982) have shown that 48% of the variation in 
total volume puffed was accounted for in terms of nicotine yield, tar 
yield, cigarette consumption on test day, cigarette length and time 
since the last cigarette. Woodman et al. (1986) who showed a 
significant correlation between total puff volume and puff number 
(r=0.71 p<0.05). These workers have also shown a significant negative 
correlation between total puff volume and puff interval (r=-0.72).
Nbn-invasive methods of monitoring smoking behaviour.
Comparing non-invasive measurements of puff number, puff 
duration, smoking time, number of cigarettes smoked during a 45 
minute session, inter-cigarette interval (within that session) and
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amount of tobacco burned in 24 subjects, Lichtenstein and Antonuccio
(1981) showed that the following significant (p<0.05) correlations: 
cigarette frequency and inter-cigarette interval (r=-0.58) and puff 
frequency and puff duration (r=-0.58) were negatively correlated 
while the percentage of tobacco burned and cigarette duration were 
positively related (r=0.53).
The majority of cited studies ccmaparing measurements of smoking 
have used univariate correlation analysis. Herning et al. (1983) 
showed that even though plasma nicotine boost and cigarette nicotine 
yield are significantly correlated, 73% of the variability of the 
data could not be explained by the relationship between these two 
variables. However, when other influencing variables were accounted 
for (interpuff interval, puff volume, puff duration, number of puffs, 
inhaled volume and inhaled duration) the correlation coefficient was 
much stronger rising from 0.52 to 0.93. Similar changes have been 
reported by Sutton et al. (1982). It is thus clear that variation in 
the data when comparing two variables can be reduced if other 
variables that influence this relationship are accounted for.
Part 3: Cbnpensaticn smoking.
Introduction.
Nicotine is the most pharmacologically active component of 
cigarette smoke. A nicotine titration hypothesis has been proposed 
which postulates that each smoker will smoke to obtain a fairly 
constant, individually characteristic nicotine level sufficient to 
produce the particular pattern of pharmacological effects. This may 
be achieved via a series of nicotine boli reaching the brain or
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through a mean level of plasma nicotine.
Intravenous administration of nicotine.
Johnston (1942) investigated nicotine injections as a substitute 
for smoking and found that given an adequate dose of nicotine, 
smokers were cits inclined to smoke for sometime thereafter.
Lucchesi et al. (1967) performed a similar study where, on at 
least 9 occasions, subjects were isolated in an experimental ward for 
6 hours. They were allowed to smoke as and when they pleased but were 
unaware that their smoking behaviour was being monitored. Throughout 
each session subjects received a continuous infusion of saline. When 
nicotine was added at the rate of 22 mg/hour over a 6 hour period, 
there was a signifcant reduction in the number of cigarettes smoked. 
Subjects also took fewer puffs and discarded the cigarette earlier.
In two experiments, Kumar et al. (1977) compared the effect of 
nicotine administration by inhalation of tobacco smoke and 
intravenous injection. Three different nicotine yield cigarettes and 
intravenous doses were studied. While inhaled tobacco smoke depressed 
subsequent smoking behaviour in a dose-related way, comparable 
Intravenous doses of nicotine had no effect upon these measures. 
These workers therefore concluded that their results do not support 
the nicotine-dependence hypothesis.
Use of nicotine chewing gum.
Russell et al. (1976) studied 43 subjects who chewed 10 nicotine 
(2 mg) or placebo gums per day. Both treatments caused a fall in 
cigarette consumption (37% and 31% respectively), significantly 
greater with the active treatment. There was an insignificant 
difference between plasma nicotine levels on either control or active
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gum indicating that smokers modify their smoking pattern in order to 
regulate nicotine intake. These results are din line with the nicotine 
hypothesis.
Nicotine excretion and the pH of urine.
Schachter (1978) has reviewed the effects of changing urinary pH 
on nicotine excretion. People who smoke 20 cigarettes per day excrete 
an average of 1.0 ug nicotine per minute under normal conditions, 5.0 
ug nicotine per minute when the urine was made acid by the oral 
administration of ammonium chloride and 0.1 ug per minute after oral 
administration of the alkalizer sodium bicarbonate. Acidification of 
the urine using vitamin C has shown to significantly increase 
cigarette consumption, supporting the nicotine titration hypothesis. 
However no allowance was made for a possible effect of pH on the 
upper respiratory tract.
Nicotine antagonists.
Stolerman et al. (1973) have shown that when the nicotine 
antagonist mecamylamine was used the number of puffs per cigarette 
increased, concomitant with a 30% increase in cigarette consumption.
The use of short cigarettes.
Using half length cigarettes, Chait and Griffiths (1982) found 
that cigarette consumption increased by 75% and subjects puffed 
harder on the shorter cigarettes. As a result of these changes, smoke 
uptake (measured using expired CD) remained unaltered. Russell et al. 
(1980b) have also investigated the use of three quarter and half 
length cigarettes. Daily mouth level smoke intake was maintained by a 
combination of more intense puffing and greater consumption. However,
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while the amount of smoke inhaled (as indicated by HbCO) was only 
partly maintained via an increase in consumption, there was no 
evidence of any regulation in the amount of smoke inhaled per 
cigarette as measured by plasma nicotine concentrations.
Shortened cigarettes allow reduction in the nicotine available 
from a cigarette. However, cigarette yields are usually reduced by a 
process of filtration and ventilation. Thus altering cigarette 
yields, by dilution of cigarette smoke using a ventilated cigarette 
filter, provides yet another tool with which to look at the effects 
of smoking lower yield cigarettes.
Dilution of cigarette smoke.
Using a range of cigarette holders, Henningfield and Griffiths 
(1980) diluted tobacco smoke over a wide range of concentrations and 
found an inverse relationship between the total number of puffs taken 
per session and the concentration of tobacco smoke delivered by the 
holders, attributable to an increase in the rate of puffing on the 
cigarette. The stability of expired 00 across the different degrees 
of ventilation indicated that a significant degree of regulation had 
occured. Sutton et al. (1978) diluted cigarette smoke by 20% and 60% 
and on comparison of measured and expected (estimated from the 
dilution factors of the holders) peak plasma nicotine and HbCO 
levels, only showed regulation when the smoke was diluted by 60%.
Use of different cigarette filters.
Adams (1978) investigated the effect of changes in cigarette 
yield on personal smoking habits using a carbon filter, which 
resulted in a 50% reduction in vapour phase delivery. It was found 
that when smoking vapour-phase-reduced cigarettes, smokers took
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significantly larger puffs despite the fact that they were smoking 
cigarettes with similar tar and nicotine yields.
Use of research cigarettes to alter nicotine yield.
Since tar and n i c o t i n e  are h i g h l y  correlated, research 
cigarettes have been used to alter nicotine yield whilst tar and 00 
yield remain constant. With mean tar and CO yields of 26.3 and 15.3 
mg respectively, Gust and Pickens (1982) looked at three different 
nicotine yield cigarettes (0.32, 1.25, 2.50 mg). As nicotine yield 
fell, puff volume, duration and number increased. In a similar study, 
H e m i n g  et al. (1981) also showed a significant increase in puff 
volume when smoking low nicotine yield cigarettes. McBride et al.
(1984) compared measurements of smoking behaviour when smoking low 
tar (8.1 mg), low nicotine (0.55 mg) and low tar (7.8 mg), medium 
nicotine (0.90 mg). Compared with their own brand of cigarette, 
subjects significantly increased puff volume when smoking the low 
nicotine yield cigarette. However, no significant change was seen 
when smoking the higher yield cigarette.
The effect of smoking higher nicotine yield cigarettes.
Ashton and Watson (1970) and Frith (1971) have shown that 
smokers unknowingly modify their rate of puffing, to regulate their 
nicotine intake. When smoking higher nicotine yield cigarettes they 
puffed less frequently and when smoking a lower nicotine yield 
cigarette they increase their puffing rate. Ashton and Watson' 
confirmed that higher levels of nicotine were available to the smoker 
by analysis of the butt nicotine concentration (proportional to the 
nicotine delivered to the mouth when the filter efficiency is known).
Russell et al. (1975a) compared high and low nicotine yield
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cigarettes with the subjects own brand. On switching to high nicotine 
yield cigarettes (3.2 mg) cigarette consumption fell by 38% compared 
with their normal brand (1.34 mg), while plasma nicotine levels 
remained unaltered. However, when smoking the lower nicotine (0.14 
mg) yield brand, despite a 17% rise in cigarette consumption, plasma 
nicotine levels fell significantly. This indicates that smokers are 
better able to adapt to increases in nicotine yield compared with 
decreases in yield. Ashton and Telford (1973) used cigarettes with 
the same CD but differing nicotine yields. Using HbCD as a marker of 
inhalation these workers found that absorption of CD was proportional 
to the nicotine yield; strongly suggesting that the smokers were 
titrating the amount of nicotine that they inhale. Similar findings 
have been reported by Creighton and Lewis (1978a), Rawbone (1978) and 
Ashton et al. (1979).
The use of low tar, low nicotine yield cigarettes.
Finnegan et al. (1945) demonstrated that smokers who did not 
increase their cigarette consumption on switching to lower nicotine 
yield cigarettes suffered from classic withdrawal symptoms (ie 
irritability, tension and craving), whereas those who increased their 
cigarette consumption did not experience such symptoms.
A  large number of experiments investigating compensatory changes 
in smoking behaviour have been reported and Table 2.3.1 and 2.3.2 
(adapted from pages 343-344, Surgeon General 1984) summarizes seme of 
these studies. Puff volume increases on switching to lower tar yield 
cigarettes, for example: Rawbone et al. (1978), Creighton and Lewis 
(1978a), Adams (1978) and Tobin and Sackner (1982), as does puff 
number:- Henningfield and Griffiths (1980), Adams (1978) and G u i l l e m
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and Radziszewski (1978). Compensation by varying the average puff 
duration was found by Creighton and Lewis (1978a), Adams (1978) and 
G u i l l e m  and Radziszewski (1978).
Stepney (1980) reviewed published studies investigating changes 
in cigarette consumption when switching to lower nicotine yield 
cigarettes and showed a significant relationship between increased 
consumption and reduced nicotine yield (r=0.59 p<0.01). Although 
consumption was raised in 12 out of 15 studies, in only six of these 
studies was this difference significant.
Compensation via inhalation changes.
Several methods of measuring breathing patterns have been 
reported. Guillerm and Radziszewski (1978), Higenbottam et al.
(1980), Tobin and Sackner (1982) and McBride et al. (1984) used some 
form of indirect spirometry, whilst Adams et al. (1983) use a head- 
out, arms-out body plethysmograph. But does inhalation change when 
smoldng lower yield cigarettes?
Russell et al. (1982) measured mouth delivery of nicotine (via 
butt analysis), plasma nicotine and cotinine concentrations before 
and after switching from cigarettes which had an average tar yield of 
17.4 mg, 1.33 mg nicotine to low tar (10.9 mg), low nicotine (0.7 mg) 
cigarettes for 12 weeks. In the 12 subjects measured most indices did 
not alter, but there was a 47% reduction in the mouth delivery of 
nicotine. However, the 30% reduction in plasma nicotine and cotinine 
concentrations were less than would be expected from nominal yields 
and it was concluded that smokers compensated by increasing 
inhalation.
Tobin and Sackner (1982) concluded that puff volume was the
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major method of compensation since they showed no change in measures 
of ventilation using respiratory inductive plethysmography, when 
smoking lower yield cigarettes. Similar findings have been reported 
by McBride et al. (1984).
An increase in puff volume on switching to lower yield 
cigarettes has also been reported by Woodman et al. (1987b). However, 
using a non-invasive radio tracer technique, this group also 
measured inhaled smoke volume and found no significant change on 
switching to lower tar and nicotine yield cigarettes. Only the volume 
drawn through the burning tip of the cigarette was radio labeled; air 
drawn through the ventilation holes was not and therefore did not 
make a contribution to the inhaled smoke volume. It seems that 
smokers regulate their inhaled smoke volume try  increasing their puff 
volume.
In the same year Woodman et al. (1987d) investigated the 
separate effects of tar and nicotine and found that with cigarettes 
of the same tar yield, the total i n h a l e d  smoke v o l u m e  was 
significantly lower with higher nicotine yield cigarettes. By 
contrast, with cigarettes of the same nicotine yield the total 
inhaled volume was lower with lower tar yield cigarettes, and these 
w o r k e r s  c o n c l u d e d  that t ar and n i c otine appe a r  to exercise 
independent control over the volume of smoke inhaled.
Changes in HbCO on switching to lower yield cigarettes.
When cigarettes of different CD yield are compared, lower levels 
of HbCO are usually found when the lower yield product is smoked 
(Russell et al. 1973c, Turner et al. 1974 and Ashton et al. 1979), 
however, Ossip-Klein et al. (1983b) showed no significant effect on
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HbCO (estimated using expired CO) when lower yield cigarettes were 
smoked.
How much regulation occurs when smoking lower yield cigarettes?
The term compensation describes changes in smoke markers on 
switching (regulation), and how they occured. Unfortunately many 
previous studies have been unable to differentiate between regulation 
and compensation and have used the terms interchangably.
Although these workers called it compensation, regulation of 
smoke markers can be expressed in terms of a percentage using 
equation 2.6 first described by Sutton et al. (1978).
% regulation = 0 - E x 100 [2.6]
I - E
Where I is the pre-switch smoke marker concentration, 0 is the 
observed post-switch marker concentration and E is the expected post­
switch marker concentration based upon the machine-smoked reduction 
in cigarette yields. This method makes it possible to compare the 
degree of regulation measured by the different smoke markers ie 
plasma nicotine, cotinine and HbCO. Table 2.4 lists some of the 
smoking compensation studies and shows the percentage regulation in 
each according to the smoke marker used. In a study where tobacco 
smoke was diluted by 60% using a ventilated cigarette holder, Suttton 
et al. (1978) found that smokers regulated by about 40% (as measured 
by plasma nicotine and HbOO). Using the same formula, Russell et al. 
(1980b) investigated the effects of using three quarter and half 
length cigarettes and found that % regulation on the shortened 
cigarettes were 51.9 and 13.9% respectively for plasma nicotine and
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Comparison of the size of regulation reported in the 
literature.
T ab le  2 .4
% Regulation using:- 
First Reference Plasma HbOO Other
author year nicotine
Turner 1974 3 7 ?
Forbes 1976 74a
34
Goldfarb 1976 3 0 ,c
Sutton 1978 40 37
Ashton 1979 71' 95f 112’a 
92' 
90,c
Russell 1980" 52
14
57
58
Stepney 1981 -161 40,c
Russell 1982 36 130
Minty 1985 75'
Mean 42.6 59.1
' Estimated using mean pre, observed and expected values.
1 ’ Used three quater and half length cigarettes, 
a Butt nicotine:- estimated daily nicotine exposure, 
b Butt nicotine:- Estimated mouth exposure per cigarette, 
c Urinary nicotine excretion: own brand to low tar/low nic.
% regulation calculated using the method first described by 
Sutton et al. (1978) where:- 0 is the observed smoke marker 
concentration, E is the expected marker concentration (based 
on the machine reduction in cigarette yields) and I is the 
pre-switch smoke marker concentration.
% regulation = 0 - E x 100
I ~ E
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The average % regulation for all the studies shown in Table 2.4 
for the different smoke markers used is 61.6%, however, different 
values will be obtained depending on which marker is being looked at.
It appears that on average 50% of smokers compensate when 
smoking lower yield cigarettes. In the study by Sutton, only 8 out of 
the 18 subjects compensated. This may be related to subjects having 
different sensitivities to cigarette smoke components. Smokers reduce 
their puff volume during the course of smoking a single cigarette 
(average fall of 33%, Guyatt et al. 1987) which may be a response to 
the increased delivery of tar and nicotine as the cigarette shortens., 
Comparing this change before switching to a lower y i eld cigarette 
with changes in mean puff volume on switching, Guyatt et al. (1988) 
showed a significant inverse correlation ie the larger the fall in 
puff volume during a cigarette the greater the change in mean puff 
volume on brand switching.
Does the process of switching affect smoking?
In a comparative study of the amount of smoke absorbed frcm low 
yield cigarettes, Robinson et al. (1982) showed that both treatment 
and control groups were dissatisfied when switched to a substitute 
cigarette. For the control group, nicotine delivery was within 0.1 mg 
and suggested that dissatisfaction may be due to the act of switching 
rather than to any decrease in cigarette yield.
Having switched to lower yield cigarettes, are there any changes in 
smoking behaviour?
There has been considerable variation in the time allowed to 
acclimatise to a lower yield cigarette. McBride et al. (1984) used a
57.3  and 58.4% r e s p e c t i v e l y  f o r  HbOO.
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period of 24 hours, whereas Ashton et al. (1979) used 6 weeks. There 
is an almost immediate change in smoking behaviour when cigarette 
nicotine yields are altered (Tobin and Sackner 1982, Suttdn et al. 
1978, Woodman et al. 1987b), and this change seems to be maintained. 
Comparison of measurements of smoking on switching at day 2 and day 7 
(Sutton et al. 1978), at the beginning of week 1 and end of week 2 
(Woodman et al. 1987b) and at the beginning of week 1 and end of week 
6 (Ashton et al. 1979) were not significantly different. However, 
compensation seems to be a transient degree of adaption since smoke 
markers returned to their pre-switch levels when the original brands 
of cigarette were re-introduced (Sutton et al. 1978, Woodman et al. 
1987b). Long-term effects of switching to lower yield cigarettes has 
been investigated by Russell et al. (1982). They measured puffing 
behaviour 2 days, 8 weeks and 10 weeks after switching. There were no 
significant changes in measurements of smoking during this post­
switch period, however, these workers showed little change in smoking 
behaviour cn switching to lower yield cigarettes.
The role of tar content.
Using research cigarettes providing 3 different levels of 
nicotine (0.29-1.40 mg) and 2 different levels of tar (8.2-19.0 mg), 
Goldfarb et al. (1976) found evidence of compensation (as measured by 
cigarette consumption) for nicotine but not for tar. Using HbOO as an 
index of inhalation, Wald et al. (1981) have shown that nicotine and 
tar were significantly related to the HbCO concentration. However, 
when the influence of tar and nicotine yield were allowed for, the 
HbOO index was no longer influenced. The influence of tar delivery on 
smoking behaviour has also been investigated by Sutton et al. (1982).
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Using multiple regression analysis, they observed that when nicotine 
was controlled for, smokers of lower tar yield cigarettes had higher 
blood nicotine levels than smokers of higher tar yield cigarettes 
indicating that they inhaled a greater volume of smoke. By contrast, 
when tar yield was controlled for smokers of lower nicotine yield 
cigarettes had lower blood nicotine levels indicating that they 
inhaled less smoke. It was concluded that these results suggest 
compensation for tar rather than nicotine. It seems therefore that 
the taste of a cigarette (which is a reflection of the cigarette tar 
content) may play just as important a part as nicotine in the smoking 
habit.
The concept behind less hazardous cigarettes.
Cigarette yields can be reduced by use of more efficient 
filters, and by dilution of cigarette smoke by incorporating 
ventilation holes in the cigarette. Less toxic smoke may also be 
obtained by homogenized leaf curing and the denicotinizing of 
tobacco. Selected leaf use will also allow the amount of nicotine in 
cigarettes to be altered.
It has been proposed that if people smoke because they are 
dependent upon nicotine, switching to a low tar, low nicotine yield 
cigarette would be illogical but a low tar, medium nicotine yield 
cigarette may prove a viable alternative (Russell 1976). Stepney
(1981) investigated this concept by switching 19 middle tar yield 
cigarette smokers to low tar, low nicotine control cigarettes and a 
low tar, medium nicotine yield product. With both low tar brands, 
mouth level exposure to tar was reduced relative to their usual 
cigarettes. However, there was no evidence that the reduction in tar
6 3
exposure was greater with the medium nicotine brand than with the 
control brand. Robinson et al. (1984) switched 16 smokers to similar 
nicotine (11% lower - difference = 0.1 mg which is probably within 
the variability normally found in a pack of cigarettes and is 
therefore unlikely to be significantly lower than the pre-switch 
brand) but lower tar (33% lower) and CD (40% lower) yield cigarettes. 
6 subjects remained on their own brand. Compared with the controls 
switchers showed no real fall in HbCD despite smoking cigarettes of 
similar nicotine yield.
Critique of the nicotine titration hypothesis.
Goldfarb and Jarvik (1972) ins t r u c t e d  sub j e c t s  to smoke 
cigarettes which had been cut to half the original length. Having 
smoked these cigarettes for one week subjects were then asked to 
smoke only the distal half of the cigarette, the half-way mark being 
indicated by a red line. Results indicated that the number of 
c i g a r e t t e s  smok e d  per d ay b y  the g r oup as a w h o l e  was not 
significantly different from the control week where full length 
cigarettes were smoked. However, 12 of the 18 subjects increased 
consumption of lined and cut cigarettes by 7 and 5 cigarettes per day 
respectively, indicating that these smokers were attempting to make 
sane compensatory changes. On the basis of butt analysis, Cherry and 
Forbes (1972) found that the majority of smokers took in less 
nicotine when smoking lower nicotine yield cigarettes, however, there 
were the minority who seemed to titrate for nicotine.
Dunn and Freiesleben (1978) showed no compensation on switching 
to lower tar and nicotine yield cigarettes. Russell et al. (1982) 
showed that when switching to cigarettes with a 47% reduction in
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nicotine yield, smokers tolerated a 30% reduction in plasma nicotine. 
These smokers were satisfied with their lower yield cigarettes and 
made little attempt to puff more intensively.
In the study by Robinson et al. (1984) described earlier, lower 
than expected falls in HbOO were seen and it was concluded that this 
study showed little evidence of nicotine titration.
McMorxow and Foxx (1983) reviewed 34 nicotine regulation studies 
published since 1942. They found that 21 of these showed evidence of 
regulation, whereas 13 did not. These workers go on to conclude that 
variation in the ways of measuring nicotine exposure has contributed 
to the conflicting results in this field and that data which are held 
to support the hypothesis are diverse and of questionable relevance.
Alternative hypotheses.
Ci g a r e t t e  y i e l d s  are u s u a l l y  r e d u c e d  b y  i n c o r p o r a t i n g  
ventilation holes in the design of a cigarette which results in a 
lower pressure drop across the cigarette. It has been suggested that 
some of the observed differences in smoking pattern when switching to 
lower yield cigarettes may be a result of smokers either consciously 
or unconsciously trying to maintain a constant amount of work during 
puffing since Rawbone (1984a) showed that the work of puffing remains 
constant when cigarette pressure drop at a standard flow of 17.5 ml/s 
(P17.5) exceeds 9.0 cm H 20 (0.9 kPa). Using 10 subjects, Woodman et 
al. (1987c) showed that puff work fell significantly when switching 
from low to middle tar yield cigarettes to low yield cigarettes (127 
v  105 mJ). However, no significant change was seen when comparing 
puff work measured whilst smoking middle and low tar yield cigarettes 
(116 v  105 mJ).
65
Chamberlain and Higenbottam (1985) have proposed an alternative 
hypothesis to help explain many of the anomalous results in this type 
of smoking research. They suggest that in addition to the central 
effect of nicotine, this substance reduces acute airways response to 
the irritant components of cigarette smoke. This mechanism helps 
explain why cigarettes of higher nicotine yield are paradoxically 
smoked more intensively ( H e m i n g  et al. 1981, Sutton et al. 1982). 
The tar/nicotine ratio therefore seems to play an important part in 
smoking behaviour.
6 6
CH APTER THREE
General Methods:
Calibrations and Linearity of Measuring Devices,
Statistics.
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The experimental work presented in this thesis comprises of two 
main sections,
1. The assessment of the validity of the use of carbon monoxide as an 
index of smoke uptake and
2. Measurement of the changes in smoking exhibited by smokers who 
change their cigarettes to those of lower tar yield.
The measurement of carbon monoxide and carboxyhaemoglobin are 
common to both sections, and to avoid repetition of methods the 
details of calibration, linearity and reproducibility of the 
instruments to measure these two indices is presented in this chapter 
which also includes a summary of the statistical methods used.
Carbon monoxide analysis.
Calibration.
CO was analysed using an infra red CO meter (Model RF1 0-100 
ppm, ADC Ltd), calibrated before each study using pure argon (0% 00) 
as a zero gas and a reference mixture of 80 ppm CO in argon (B0C 
Special Gases:- Research grade, 99.95% pure). Carbon dioxide (C02 ) 
and water vapour were removed from gas samples, using soda lime and 
calcium chloride respectively, prior to analysis since they might 
interfere with the measurement of CO. Analysis of the calibration 
gas (dry gas, 00 in argon) before and after passing through the soda 
lime and calcium chloride showed that this process did not affect the 
measurement of 00. Gas analysis was performed at a sampling rate of 1 
l i t r e / m i n u t e  and the a n a l y s e r  h ad a 90% r e s p o n s e  time of 
approximately 10 s.
I n tr o d u c t io n .
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The linearity of the CD meter was investigated by serial dilution 
of a 100 ppm CO in argon mixture, with oxygen or argon using gas 
mixing pumps (H Wbsthoff). Measurements were made between 10-100 ppm 
in 10 ppm increments, and recorded on a single channel chart recorder 
(Servoscribe). Chart deflections were measured to a precision of + 
0.5 mm.
Results.
There were no significant differences between data obtained 
using the two diluents and regression analysis showed this machine to 
be highly linear (Figure 3.1 [top panel], Table 3.1.1). Comparing a 
second order polynomial with a linear equation for both gases showed 
no significant difference in position or slope of the two lines.
Linear relationship obtained for both gases can be expressed by 
the formulae (Y=A+BX):-
Oxygen, CO (measured) = -0.6513 + CO (predicted) x 1.0118, r=0.999, 
n=10.
Argon, CO (measured) = 1.3799 + CO (predicted) x 0.9761, r=0.999,
n=19.
Reproducibility: Methods.
Following calibration of the meter, 5 consecutive measurements 
of CO were performed. The gas sample was analysed for approximately 
1 minute followed by 1 minute of argon measurement to re-establish 
the baseline. The output from the meter was recorded on a thermal 
chart recorder (Watanabe WR3101) the heights of the recordings being 
measured to a precision of + 0.5 mm (equivalent to 0.5 ppm).
L in e a r ity :  M ethod s.
69
Predicted CO ppm
Predicted HbCO%
Figure 3.1
Ctirpariscn of predicted and measured 00 (bop panel) and HbCO 
(bottom panel) used to establish the linearity of the CO 
meter and the OSM2 I lemcKimeber.
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T ab le  3 .1 .1
L in e a r it y  o f  t h e  CD m eter .
Predicted CD Chart Measured Chart Measured
concentration height CO height CO
ppm. cm ppm cm ppm
100 18.60 100.7 18.40 97.9
90 16.70 90.4 16.98 90.3
80 14.75 79.9 14.88 79.1
70 13.10 70.9 13.10 69.7
60 11.10 60.1 11.55 61.5
50 9.10 49.3 9.53 50.7
40 7.30 39.5 7.40 39.4
30 5.50 29.8 5.90 31.4
20 3.75 20.3 4.20 22.4
10 1.70 9.2 1.75 9.3
Table 3.1.2
Reproducibility of the 00 meter.
Determination Trace 
Number. Height mm
1 66.0
2 67.0
3 66.0
4 66.5
5 67.0
Mean 66.5
SD + 0.5
Oxygen Argon
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Multiple estimation of CO from a test gas produced highly 
reproducible results (Table 3.1.2, coefficient of variation 0.1%). 
All future measurements made using this instrument were measured to a 
precision of + 0.5 ppm.
Ca2±xDKyhaenraglcbin analysis.
Calibration.
HbCO was measured spectrophotometrically (0SM2, Hemoximeter, 
Radiometer). Blood was usually drawn from an antecubital vein into 
potassium EDTA anti-coagulant tubes. It was then reduced using 
sodium dithionite in a capillary tube, and haemolysed by ultrasound 
before analysis (Siggaard-Andersen 1977). Determinations were made in 
duplicate and were required to agree within 0.2% HbCO. The 0SM2 was 
zeroed with distilled water before each set of measurements. The 
haemoglobin level was checked against other machines from time to 
time and quality control tests were performed on a regular basis.
Linearity: Methods.
The purpose of this study was to investigate the linearity of 
the Radiometer 0SM2 Hemoximeter over a range of about l%-20% HbCO, 
typically found in the blood of cigarette smokers.
20 mis of venous blood was obtained from a healthy non-smoker 
who had not knowingly been exposed to carbon monoxide for at least 12 
hours before venepuncture took place. Measurements of Hb, Hb02 and 
HbCO were made before any blood was exposed to CO. 3 m is of whole 
blood were pipetted into a test tube which was then attached to a bag 
containing 1 litre of 100% CO. The blood was mixed, using a
R e s u lt s .
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whirl imixer, for 10 minutes. Using the 0SM2 as a monitor this process 
appeared to saturate the blood with CO, and CO exposure for 15 
minutes did not increase the concentration of HbOO. Saturated values 
of HbOO on both days were 102.3 and 102.5% respectively. In order to 
remove 00 in solution, argon was bubbled through the saturated blood 
for 15 minutes. Measurement of HbOO before and after this proceedure 
showed that this process had little effect on the HbOO concentration.
The volumes of blood to be mixed (see Table 3.2) were measured 
using adjustable pipettes (Pipetman, Gilson) and mixed using the 
whirl imixer for 15 seconds. Blood was then immmediately analysed.
In Study 1, dilutions of 100% HbCO blood with 0% HbOO blood were 
made from 20% HbCO downwards whereas in Study 2, performed on a 
different day, dilutions started at 0.8% HbCO, and worked upwards. 
The blood samples were kept in darkness to minimize dissociation of 
HbOO and the 100% HbOO sample was analysed at intervals to check for 
this effect.
Results.
Regressing predicted HbCO against measured HbCO, both studies 
showed the linearity of the 0SM2 to be excellent, with a regression 
coefficient in excess of 0.99 (Figure 3.1 [bottom panel]). The linear 
relationship obtained can be expressed by the formulae: -
Study 1: HbCO (measured) = -0.4610 + HbCO (predicted) x 1.0174, 
r=0.999, n=9
Study 2: HbCO (measured) = 0.2667 + HbCO (predicted) x 0.9192,
r = 0 .9 9 9 , n = 9 .
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T ab le 3 .2
Linearity of the 0SM2 Hemoximeter. 
ul = microlitre.
Vol. of blood. 
100% 0%
Predicted
conc.
of
HbOO
Study
1
HbOO HbOO HbOO %
50 ul 200 ul 20.0 20.3
50 ul 250 ul 16.7 16.6
50 ul 300 ul 14.3 14.0
50 ul 350 ul 12.5 12.0
50 ul 450 ul 10.0 9.4
25 ul 300 ul 7.7 7.1
25 ul 500 ul 4.8 4.3
25 ul 1000 ul 2.4 2.2
25 ul 3000 ul 0.8 0.7
- 200 ul 0.0 0.0
%
Study
2
18.3
15.5
13.6 
12.0
9.7 
7.5
4.7 
2.4 
0.7 
0.0
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Using analysis of covariance (Snedecor and Cochran 1980), linear 
regressions from both studies were compared. Whilst the y-intercepts 
were similar, the slope of the two lines were significantly different
(p<0.01).
Comparing a second order polynomial with the linear equation 
obtained from each of the studies showed significant reductions in 
the deviation about regression (pCO.Ol). However, when the two 
studies were combined no significant effect was seen.
Reproducibility: Methods.
In order to investigate the variability of the Hemoximeter, a 
Dade Quantra Plus whole blood gas control kit incorporating three 
different concentrations of HbOO (ca. Level I 14.8, Level II 3.4 and 
Level III 38.9%) was used.
In accordance with the Manufactures recommendations, vials 
containing the blood were immersed in a water bath at 37 °C for a 
minimum of 3 minutes and duplicate determinations of HbCO at the 
three stated levels were made on 10 successive working days.
Results.
The raw data obtained from this study is shown in Table 3.3. The 
standard deviation for each of the three levels of HbCO used was 
similar (0.44 at the lowest level; 0.35 at the highest). The greatest 
difference between maximum and minimum values was 1.5% occurring at 
level I.
The effect of time on measurement of HbOO.
During experimental studies, blood samples obtained from the 
subjects were usually analysed within a few minutes of collection.
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T ab le 3 .3
R e p r o d u c ib il i ty  o f  th e  0SM2 H em oxim eter.
Day no.
1
2
3
4
5
6
7
8 
9
10
Mean 
SD +
SEM +
Level I 
HbOO %
12.15
12.25
11.70
11.70
11.70 
12.90
12.25
11.70 
13.05 
13.20
12.26 
0.60 
0.19
Level II 
HbOO %
3.45
3.85
3.40 
3.35
3.25
4.25 
3.95 
3.30
4.20
4.40
3.74
0.44
0.14
Level III 
HbOO %
36.55
36.45
36.10
35.90 •
35.85
36.90
36.45
36.20 
36.70
36.10
36.32
0.35
0.11
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However, it was not uncommon for blood samples to be left either in 
the anti-coagulation tubes or the capillary tubes for longer 
periods. This was especially the case in the CO loading study 
(Chapter 5), where all HbOO determinations were performed after each 
study had been completed. The effect of time on the values of HbCO 
obtained was therefore investigated in two studies.
Study 1.
20 mis of blood were obtained from a healthy volunteer smoker. 
Duplicate measurements of HbCO were made every five minutes for a 
total of 30 minutes.
Study 2.
7 pairs of capillary tubes were filled as quickly as possible 
with freshly drawn venous blood obtained frcm another healthy smoker. 
Following remixing of the blood in each pair of capillary tubes for 
approximately 2 minutes, duplicate measurements of HbCO were 
performed at 15 minute intervals.
Results.
Whether the blood was in in the anticoagulant or capillary 
tubes, little change in HbOO levels during the period of observation 
was seen (Table 3.4). Variations in HbCO levels were normally within 
+ 0.2% HbCO.
Discussion.
The linearity and reproducibility of the 00 analyser and 0SM2 
Hemoximeter was good. The apparent drift in the baseline of the 0SM2 
Hemoximeter did cause some concern, altering from day to day giving a 
variation of + 0.3-0.6%, especially since the machine was water
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T ab le 3 .4
The e f f e c t  o f  tim e  on  th e  measurement o f  HbOO
Study 1: Blood in anticoagulant tube.
Time Mean HbOO value
minutes %
0 4.60
5 4.40
10 4.50
15 4.40
20 4.55
25 4.45
30 4.45
Study 2: Blood in capillary tube.
Time Mean HbOO value 
minutes %
0 4.60
15 4.40
30 4.55
45 4.70
60 4.60
75 4.40
90 4 .4 0
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calibrated before each study, As this drift appears to be randan in 
nature the effect on measures of HbOO used in this thesis will be of 
little conseqence since analysis was being performed over a long 
period of time. The boost measurements made in this thesis may vary 
by about 0.1% HbOO from day to day due to gain changes.
Calibration data obtained using the CO meter appeared to be 
linear and could not be better described by using a second order 
polynomial equation. Data from the 0SM2 did appear to be curved in 
nature, however, when the studies were pooled, this property was lost 
which is probably attributable to the small number of observations in 
each study.
The blood used for the linearity study was obtained from a 
volunteer who was a non-smoker and had been in hospital for at least 
24 hours for treatment unrelated to this study. Preliminary HbCO 
readings indicated that the blood had little or no HbCO. This was 
used as the zero % dilutent, but this of course assumes that the 
machine is reading 0% HbOO.
Measurements of HbCO using the 0SM2 were compared with the 
updated OS M3 model. If both machines were measuring the same amount 
of HbOO, the data should lie at an angle of 45° when plotted using an 
X-Y format. Data fluctuated from day to day around this line, again 
suggesting a change in the gain of the 0SM2 measuring system. This 
could account for the different y-interceptes described in the 
linearity study and the larger than expected variability of the data 
in the reproducibility study. The mean HbOO concentrations obtained 
from this study were somewhat different from the mean levels quoted 
in the literature supplied with the kit. This is probably because the 
values quoted by Dade were obtained using a different machine,
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(Instrumentation Laboratories, IL 182). However, differences between 
similar machines cannot be ignored.
The effect of residence time in EDTA or capillary tube showed no 
effect upon the measurements of HbCO. This was an important feature 
to demonstrate for the reasons previously stated.
Statistics.
The data collected in this thesis were manipulated using a data 
base management system (dBase II and III). The graphical figures were 
drawn using the graph plotting package, SuperCalc3.
Data were analysed using the Statistical Package for Personnel 
computers (SPP, version 5.3) using standard parametric and non 
parametric tests (Snedecor and Cochran 1980). A probability value of 
0.05 or less was taken to indicated statistical significance 
throughout these studies. Before analysis the distribution of the 
data were tested by looking at the normal probability plot (Armitage 
1971) using the Shapiro-Francia test. The distribution of the data 
was considered non-normal when the calculated p-value was <0.05. In 
such cases the data were transformed by talcing the logarithm, and the 
d i s t r i b u t i o n  reanalysed. However, if transformation proved 
unsuccessful, an equivalent non-parametric method was used.
In excess of 32000 pieces of raw data were collected from the 
different studies described in this thesis, thus only the mean 
values (+ 1 standard deviation) will be tabulated. The raw data is 
however available from the author on 3.5 inch floppy disks (the 
majority of data is held in statistical files running under SPP).
Physiological measurements have some degree (no matter how 
small) of variability. Oldham (1968) demonstrated that spurious
8 0
correlations can be produced when an initial measurement (ie pre­
smoke HbOO) is compared with the change in the measurement (the HbOO 
boost on smoking a cigarette) since the two values are statistically 
dependent. In order to avoid such mathematical artefacts, the 
dependent variable (the change of boost in HbOO) was always compared 
with the independent value (the mean, pre-smoke HbCO + post-smoke 
HbCO / 2 ) .
In a number of studies, multiple t testing was performed. In 
such cases the Bonferxoni correction (Breslow 1984) has been applied, 
which simply multiplies the observed p values by the number and 
conditions of the variates examined.
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Blood HbCO levels have been used extensively as a marker of 
tobacco smoke uptake and can be measured from a spectrophotometric 
examination of a blood sample, or by measuring the concentration of 
CO in the expired gas, based on the assumption that CO in the blood 
and lung are in equilibrium. There are at least three possible ways 
of determining the value of alveolar CO from which HbCO may be 
inferred and the objectives of this chapter were to re-examine the 
precision of the measurement of expired CO by raising the level of 
expired 00 following rebreathing a 00 mixture in four studies:
Study 1: Measurement of breath-hold CO at different breath-hold 
times.
Study 2: Comparison of breath-hold 00 and mean alveolar 00 at
increasing levels of expired 00.
Study 3: Comparison of rebreathing, breath-hold and mean
alveolar CO, measured in rapid succession, at four different 0 2
levels.
Study 4: Investigation of posture-induced changes in
ventilation/perfusion of the lungs on the measurement of expired 00.
Comparison of three non-invasive methods of measuring HbOO.
The apparatus used in these studies was developed for rapid 
sequential measurement of rebreathing, breath-hold and mean alveolar 
00 with little decay in the concentration of 00 being measured, and 
is depicted in Figure 4.1. Gas flowed to sections of the apparatus 
through 3 cm diameter corrugated plastic tubing. One-way flow was 
maintained by the use of a valve box and controlled using large-bore 
3-way taps.
I n tr o d u c t io n .
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A Argo n/oxygen H CO calibrating gas
B Sign al generator I CO2 /H2 O scrubbers
C Bell jar J Chart recorder
D 10 1 bell jar K Mass spectrometer
E Rebr eathing bag L Inspired air rotameter
F Soda lime scrubber M CO analyser
G Ohio spirometer N ^ 2 ^ 2  rotamelfcrs
Figure 4.1
Photograph of equipment used in the CD studies (above), and 
key to the individual pieces of equipment (below).
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00 was analysed using an infra red 00 meter (see Chapter 3); 02, 
C02 and argon were measured with a respiratory mass spectrometer 
(200 MGA Centronic), calibrated with standard gas concentrations (BOC 
Special Gases). The signals from these analysers were displayed on a 
6-channel chart recorder, (Watanabe WR3101). Paper records were 
measured using a dial caliper gauge.
Correction equations.
Chapter 3 gave details of why C02 and water vapour have to be 
removed when measuring 00 with an infra red 00 analyser. This removal 
concentrates the 00 being measured; a correction was performed on all 
00 data in this chapter using the following fonnul a: -
00 (adjusted) = 00 (measured) x (100-FA,002 ) x (PB-27.7) [4.1]
100 PB
Where:- FA,002 is the fractional 002 concentration in the gas being 
sampled, PB is the barometric pressure and 27.7 mmHg (3.69 kPa) is 
the water vapour pressure at 25°C.
M e a s u r e m e n t  of b r e a t h - h o l d  and rebreathing 00 were made 
independent of anatomical dead space. However, anatomical dead space 
dilution had to be corrected for when making measurements of mean 
alveolar 00 from the mixed expired gas. This was performed by 
calculating the ratio between end-tidal and mixed expired C02 for 
each subject before each estimation of mean alveolar 00 rather than 
using the dead space factor described by Rawbone (1976). This was 
performed using the following fonnul a: -
00 (corrected) = 00 (adjusted) x FefyOOg [4.2]
f a ,o o 2
Gas a n a ly s i s .  I)
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End-tidal 002 (Fet,002) measurements were calculated as the mean of 5 
end-tidal observations before the fractional mixed expired C02 
measurement (FA,002, see glossary for definition of nomenc 1 ature used 
in these two formulae) after inspecting the previous few breaths to 
ensure a steady breathing pattern. The mixed expired CO value was 
measured up to a minute later which, given the 11 litre capacity of 
the mixing circuit, corresponded to those earlier breaths.
00 loading procedure.
All experiments carried out in this section were upon members of 
staff, the majority of whom were non-smokers. Expired 00 levels were 
therefore elevated in these studies by loading the subject with 00 
(Figure 4.2). This procedure involved the subject wearing a nose clip 
and rebreathing, through a valve box, 1.5 litres of a 00 mixture (2% 
00, 78% argon, 20% 02 ) in a closed circuit for 3 minutes. 002, 02 and 
argon were monitored at the mouth piece, and normoxic conditions were 
maintained by administering pure 02 into the circuit whilst 002 was 
removed frcm the air using a soda lime scrubber. Argon was used as a 
check on the mechanical mixing within the loading circuit.
Initially, there was considerable within-subject variation in 
the load of 00 attained which may be attributable to the relatively 
large volume of connecting tubing (ca 2.5 litres) between the valve 
box and anaesthetic bag. To aid mixing within the circuit the 
anaesthetic bag was placed in a spircmeter, and the electrical output 
from the spirometer was then displayed on a cathode ray oscilloscope. 
By displaying a second signal of known amplitude and frequency, it 
was posssible, by instructing the subject to match the two signals 
for phase and amplitude, to produce a minute ventilation of 15 litres
8 6
Figure 4.2
Diagrammatic representation of equipment used far loading 
subjects with CD.
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per minute which decreased the variability of expired CO level 
attained within individuals. This abnormal minute ventilation was 
only maintained during the 00 loading period.
The effect of time on uptake of available 00.
40-50% of inspired 00 is retained in each breath (Forbes 1970). 
Using 2 subjects, a pilot study was performed to examine the effect 
of loading time on the breath-hold 00 levels attained. Similar 
concentrations of expired 00 were obtained following 2, 3 or 4 
minutes of 00 loading, although values after 2 minutes of loading 
were slightly smaller. In all studies a 3 minute period was therefore 
used.
Methods of measuring expired 00.
(i) Rebreathing 00 - FA,00 (Rb).
This method was a modification of that documented by Henderson 
and Apthorp (1960) being performed at or near normoxia rather than 
100% 0 2. The subject breathed through a v a l v e  box into a closed 
circuit (similar to that described for 00 loading) comprising of a 4 
litre anaesthetic bag containing 3 litres of a 20% 02/80% argon 
mixture for three minutes (Figure 4.3). During the rebreathing period 
simultaneous measurements of end-tidal 02 and C02 were made at the 
valve box, and the inspired 02 concentration was varied by either 
the initial withholding or excessive input of 02 into the circuit. At 
the end of the rebreathing period the gas in the rebreathing bag was 
analysed for 00, 0 2 and C02. A series of preliminary studies were 
carried out to investigate the effect of rebreathing time on the 00 
concentration obtained. Two subjects were loaded with 00 and
8 8
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Figure 4.3
Diagrammatic representation of equipment used for the 
rebreathing method of measuring alveolar CD.
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rebreathing duration was varied between 2 and 4 minutes in 1 minute 
increments using a randomized design. During each manoeuvre, argon 
(an indicator of mechanical mixing) and CXD concentrations in the 
rebreathing circuit were monitored. There was negligable difference 
in the CO plateau obtained after rebreathing periods of 2 and 4 
minutes indicating that CO uptake occured fairly quickly. In the 
interest of consistency a 3 minute rebreathing period was used in all 
comparative studies. This method may have been mere reliable than the 
other methods to be discussed since it allowed more time for 
equilibration.
(ii) Breath-hold CD - FA,00 (Bh).
This method was first described by Jones et al. (1958). In the 
present study the subject took a full inspiration from FRC. The 
breath was then held and followed by an expiration, via a 3-way tap, 
into a 1 litre anaesthetic bag which collected the anatomical and 
instrumental dead space. Once this bag was full, the tap was turned 
allowing collection of the remaining expirate in a 2 litre 
anaesthetic bag (Figure 4.4). Breath-hold time was defined as the 
p e r i o d  b e t w e e n  the end of i n s p i r a t i o n  and the b e g i n n i n g  of 
expiration.
This method was easy to set up and is in common use, especially 
as breath hold durations as short as 5 s are highly correlated with 
those of 20 s (West 1984).
(iii) Mean alveolar 00 - FA,CO (Tb).
This technique is probably nearest to the normal breathing 
situation except for the use of a v a l v e  box and nose clip. It is 
based on the method of Rawbone et al. (1976) and was performed using
9 0
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an open breathing circuit (Figure 4.5). The subject inspired roam air 
via a 3 -way tap and a v a l v e  box and expired into a 10 litre mixing 
system, consisting of a bell jar, where it was thoroughly mixed with 
the aid of a baffle. From the bell jar the expired air passed to 
atmosphere through a length (0.5 m) of wide-bore tubing. CO, 02 and 
C02 were continuously monitored in the bell jar, whilst end-tidal 02 
and CJ02 were measured in the valve box.
The mixing characteristics of this system were checked "in 
vitro" using an animal respirator. C02 was added to the "inspired" 
gas to act as an indicator of mixing within the system and studies 
were carried out using a ventilation frequency of 5-30 breaths per 
minute at a tidal volume of between 300 and 700 ml (in 100 ml 
increments). At a respiratory frequency of 15 breaths per minute and 
a tidal volume of 500 ml, a C02 plateau was reached within 3 minutes 
of the gas being administered to the system; fluctuations in C02 
concentration in the mixing circuit (due to transient changes in 
tidal volume and or frequency) were minimal.
For any of these three methods the inspired 02 concentration of 
the air breathed by the subject could be altered, using rotameters 
and a mass spectrometer, by varying the 02 or nitrogen added to a 
steady air flow supplied to the subject.
Subjects.
These were healthy members of staff one of whom smoked. Their 
details are summarized in Appendix 1 for the four different studies 
described in this chapter. All gave informed consent in writing 
before the study which conformed to the ethical standards of the 
Institute.
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Study 1: Comparison of breath-hold OO with breath-hold time.
Introduction.
Previous work involving the measurement of expired 00 has been 
discussed in the literature survey and the purpose of this study was 
to reproduce the work of Jones et al. (1958) and West (1984), 
investigating the relationship between breath-hold 00 and breath-hold 
duration.
Methods.
Following 00 loading, paired measurements of mean alveolar and 
breath-hold CO, 0 2 and C02 were made after breath-holds of between 
zero and 35 s in 5 s increments. 15 studies were performed (repeated 
values in all but one subject) using a randomized design.
Results.
Breath-hold 00 systematically increased with longer breath-holds 
up to a breath-hold of 25 s (Figure 4.6, Table 4.1). The data were 
analysed using generalized linear models (Nelder and Wedderbum 1972) 
to look at the relationship between breath-hold CO and breath-hold 
time. Using the mean for each series plus linear and quadratic terms 
in time, the resulting quadratic gave a maximum breath-hold 00 at 23 
s (linear term in time = 0.497, + 0.043 [SEM], quadratic term in time 
= -0.0106 + 0.0012 [SEM]). Though the results after breath-holds of 
20 and 25 s were similar, the small standard error of the means in 
the above terms indicate that measurements of breath-hold CO made 
following breath-holds of less than 20 s or greater than 25 s are 
significantly different. Linear regressions were calculated between 
the 25 s breath-hold CO concentration and the others. The correlation
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Breath-hold time s
Figure 4.6
Comparison of mean (+ 1 SEM) breath-hold CO with increasing 
breath-hold time measured in 15 studies.
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coefficients of the 0, 5, 10, 15, 20, 30 and 35 s values with the 25 
s value were: 0.952, 0.894, 0.888, 0.819, 0.880, 0.922 and 0.944 
respectively and were all highly significant (pCO.OOl).
Table 4.1
Summary of mean data (+ SD, rows) with breath hold timq n=15
Breath hold time s
0 5 10 15 20 25 30 35
FA, 00 (Bh) 
ppm
13.4
3.5
15.9
3.7
17.8
3.8
18.8
3.8
19.1
3.6
19.6
3.5
18.6
2.8
18.6
3.2
FA,0o (Bh) 
%
17.0
0.7
17.0
1.0
16.5
0.7
15.8
0.7
15.8
0.4
15.3
0.9
14.7
1.0
14.3
0.7
FA,009 (Bh) 
%
3.7
0.4
4.1
0.7
4.4
0.7
4.7
0.7
4.7
0.4
5.0
0.7
5.1
0.8
5.3
0.6
Comparison of the data after a zero and 35 s breath-hold showed 
a significant fall in breath-hold 02 with increasing breath-hold 
time, while breath-hold C02 increased (pCO.OOl for both indices, 
paired t test, Figure 4.7). When comparing neigbouring mean alveolar 
CO with test order, a significant difference between the first and 
second, and seventh and eighth measurement was found, (pC0.05, paired 
t test, Figure 4.8).
The reproducibility of the breath-hold method was looked at in a 
pilot study where repeated measurements of breath-hold CO were 
performed at 2 minute intervals, 2 minutes after 00 loading using 7 
subjects. From the four readings per subject, mean breath-hold CO 
r a n g e d  from 12.0 to 24.5 p p m  w i t h  a s t a n d a r d  d e v i a t i o n  and 
coefficient of variation of + 0.25 and 2.1% and + 1.4 and 5.7%
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Figure 4.7
Comparison of changes din breath-hold 02 (top panel) and 
breath-bold OO2 (batban panel with increasing breath-hold 
time, measured in 15 studies. Mean, + 1 SEM.
97
r e s p e c t i v e l y  i n d i c a t i n g  that this m e a s u r e m e n t  was h i g h l y  
reproducible. The rebreathing, and mean alveolar methods took 
approximately 5 minutes to perform, thus reproducibility studies for 
these methods have little meaning due to the natural decay of CO.
Discussion.
Breath-hold CO increased with breath-hold time, probably a 
result of more complete equilibration in the alveoli, and showed a 
plateau after a breath-hold of 25 s which was probably a transient or 
quasi steady-state value opposed to the situation if breath-holding 
could be performed over a much longer period of time at a constant 02 
tension.
Although the values of breath-hold CO obtained after a 25 s 
breath-hold were highly correlated with all the other measurements of 
breath-hold CO, the linear and quadratic model used in the present 
study demonstrated that a breath-hold of less than 20 s or greater 
t h a n  25 s r e s u l t e d  in s i g n i f i c a n t l y  different values. For 
comparative purposes, the use of short breath-hold periods appears 
feasible, however, as discussed by West (1984), small differences in 
timing can make a substantial difference to the v a lue obtained; so 
that great care would have to be taken to ensure the accuracy with 
which the interval is timed. A pilot study by Henningfield et al. 
(1980) indicated that results from a 1 s breath-hold were not 
substantially different from 20 s breath-hold, however no values for 
these measurements were documented nor was any statistical analysis 
performed. The present study showed that breath-hold CO values 
following 25 s breath-hold were 6.2 ppm (31.6% of the larger value) 
higher than those obtained after a zero s breath-hold. These results
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agree well with the work of Biglan et al. (1986) who showed that CO 
levels after 20 s of breath-holding were significantly larger than 
those after 15 seconds, and with the studies by Jones et al. (1958) 
and West (1984), both of whom used substantially higher levels of 
expired CO.
After a 25 s breath-hold, breath-hold 00 appeared to decrease in 
magnitude, an observation which may be a result of the experimental 
procedure. Mean breath-hold 02 fell significantly from 17.0% after a 
zero s breath-hold to 14.3% after a 35 s breath-hold, (Figure 4.7 
[top panel]) whereas mean breath-hold C02 rose from 3.7% to 5.3% 
(Figure 4.7 [bottom panel]). The affinity of haemoglobin for CO 
increases as the 02 tension of the blood falls, thus breath-hold 
times in excess of 25 s yield lower breath-hold CO concentrations 
because of less favourable conditions for haemoglobin to give up 00.
Jones et al. (1958) performed breath-holding at total lung 
capacity (TLC) after inspiring from residual volume (RV), thus 
maintaining higher alveolar 02 levels over a longer period, delaying 
the onset of hypoxia. In the present study, breath-holding was 
performed at TLC after inspiring from functional residual capacity 
(FRC), but the fall in 02 levels with increasing breath hold time is 
unlikely to be of importance until breath-hold time is in excess of 
half a minute and that 00 data obtained using breath-hold durations 
of 20 and 25 s are similar. This is of particular importance when 
this method is to be used on a regular basis where the 20 s breath- 
hold is more acceptable to the untrained subject.
There was a steady decrease in mean alveolar CO during the 
measurement period, falling from a mean of 18.6 ppm to 16.3 ppm after 
about 45 minutes (Figure 4.8). This decay corresponds well with
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Figure 4.8
The fall in mean alveo l a r  CD during the study period 
approximate duration = 45 minutes. Mean (+ 1 SEM).
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published half-lives for HbOO.
Blood with an oxygen carrying capacity of 20 volumes per cent 
has a similar CO capacity viz 20 volumes per cent. However, the 
affinity of CO for the haemoglobin molecule is seme 300 times greater 
than that of 0 2 (Douglas et al. 1912), so that the continuous 
breathing of a 00 concentration 1/300 that of 02 will result in a 50% 
conversion. Since the reaction rate is slow the conversion would take 
take m a n y  hours, w h i l s t  the c o n v e r s i o n  of h a e m o g l o b i n  to 
oxyhaemog 1 obin takes only seconds.
5 litres of blood has an 0 2 carrying capacity of 1 litre; 
assuming negligable uptake of 00 in the plasma and a haematocrit of 
45%, 10 ml of CO would convert 10/1000 = 1% of the haemoglobin to 
HbOO. During 00 loading, 30 ml of 100% 00 were available for uptake 
by the blood, therefore the expected rise in HbOO was 3%. Wald et al. 
(1980) have shown that for every 1% HbOO there are about 6 ppm 00 in 
the expired breath (a similar value is reported later in this 
thesis). Accordingly, following 3 minutes of 00 loading the expected 
rise in expired 00 was 18 ppm. Breath-hold 00 actually increased by 
15 ppm, thus over 80% of the 00 available had been absorbed. In fact 
over 97% of the 00 had been absorbed since the concentration of 00 in 
the loading circuit after loading was 475 ppm (measured by a GEC Fuel 
cell CO meter). This difference may be attributable to a smaller 
HbCO/expired CO ratio in the subjects used in the present study. 
Uptake of available 00 by direct measurement of HbCO is discussed in 
Study 2 of Chapter 5.
1 0 1
Introduction.
Comparisons of breath-hold CO with mean alveolar CO, in other 
laboratories, have shown that, under the same conditions, breath-hold 
CO values are higher than mean alveolar CO, (R. Rawbone, unpublished 
data). 10 subjects were examined, before and after smoking a single 
cigarette, giving 19 separate comparisons of breath-hold 00 (using a 
20 s breath-hold period) and mean alveolar CO. If both methods of 
measuring expired 00 yielded the same results> the data in Figure 4.9 
(top panel) would follow the line of identity. There was a highly 
significant correlation between these two variables and could be 
expressed by the following regression equation:-
FA,00 (Bh) = 3.185 + 1.587 x FA,00 (Tb), r=0.96, n=19
There was a significant systematic difference between the two 
measurements; cn average breath-hold 00 was 75.6% greater than mean 
a lveolar CO, (pCO.OOl, Table 4.2). In view of this observation this 
study was repeated using the following method.
Methods.
Breath-hold (following a 25 s) and mean alveolar CO were 
investigated at four levels of expired CO. In three male subjects, 
three paired pre-loading mean alveolar and breath-hold CO (25 s) 
measurements were made. The subjects were then loaded with 00 three 
times and three paired sets of measurements were made after each load 
to give a total of 12 pairs of readings per subject.
Stu d y  2: The e f f e c t s  o f  ch an g in g  e x p ir e d  CD l e v e l .
1 02
FA.CO (Tb) ppm
FA, CO (Tb) ppm
Figure 4.9
Comparison of mean alv e o l a r  CO and breath-hold (25 s) CO 
with increasing expired CO. Data from R.G. Rawbone (top 
panel) and present study (bottom panel).
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T ab le  4 .2
Raw data from the study by R.G. Rawbone
Subject Test no. Mean alveolar CD Breath hold CD
ppn ppm
SP 1 10.21 15.3
2 21.47 34.5
WM 1 19.28 33.2
2 24.77 37.9
BH 1 18.14 30.5
2 20.82 39.9
WD 1 14.42 24.1
2 14.41 25.0
MB 1 22.19 34.8
CJ 1 14.15 28.2
2 18.70 33.8
SG 1 28.58 51.0
2 28.26 50.5
PD 1 29.65 50.0
2 26.03 45.5
LB 1 13.14 30.5
2 9.10 20.0
IB 1 11.01 19.6
2 12.97 23.4
Mean 18.81 33.04
+ SD 6.54 10.77
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Breath-hold (25 s) values were highly correlated with mean 
alveolar CO readings (r=0.987, Figure 4.9 [bottom panel]), however 
the data were displaced to the left of the line of identity. The 
slope of the line was highly significantly different from the line of 
identity (t = 6.121 pCO.OOl) and can be expressed using the following 
formula:-
FA,00 (Bh 25 s) = 0.753 + 1.202 x FA,00 (Tb), r=0.99, n=36
The mean values for breath-hold (25 s) 00 and mean alveolar 00 were 
26.9 ppm and 21.7 ppm respectively (n=36), on average, breath-hold 
(25 s) 00 was 24% greater than mean alveolar. A more informative way 
of looking at this data is to regress the difference between the two 
measurements against the mean value on an individual basis. In all 
cases this difference was proportional to the mean, (r=0.78 [combined 
data] pCO.OOl, Figure 4.10, Table 4.3).
Discussion.
There was no indication of the difference between breath-hold 
and mean alveolar 00 becoming smaller as the three sets of 
measurements were made since there was no pre-set order in the 
positions of the data at any of the three levels of expired 00.
In study 1 the rise in breath-hold 00 with breath-hold time was 
explained by more complete equilibration within the alveolar region. 
If this reasoning is correct then the difference between the two 
measurements should become larger as expired 00 increases. This was 
indeed shown in study 2.
The magnitude of the differences between measures of breath-hold
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Figure 4.10
Oomparisan of the difference between breath-hold (25 s) OO 
and m e a n  a l v e o l a r  C O  against the m e a n  value. Three 
observations at four l e vels of HbCO measured in three 
subjects.
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T ab le  4 .3
Comparison of breath hold 00 (25 s) and mean alveolar 00 for 
3 subjects at 4 levels of expired CO. A l l  variables 
calculated as the mean of 3 observations per measurement per 
subject.
Load No
Subject 0 1 2 3
FA,00 (Bh, 25 s) AG 1.8 20.2 32.0 44.7
ppm AK 3.4 26.0 48.0 64.7
DM 1.7 13.2 26.9 39.4
Mean 2.3 19.8 35.6 49.6
FA,00 (Tb) AG 1.9 17.0 28.2 37.7
ppm AK 3.3 23.4 41.3 51.8
DM 1.2 9.1 17.6 28.2
Mean 2.1 16.5 29.0 39.2
Mean 00 AG 1.9 18.6 30.1 41.2
ppm AK 3.4 24.7 44.9 58.3
DM 1.5 11.2 22.3 33.8
Mean 2.3 18.2 32.4 44.4
Difference AG -0.1 3.2 3.7 7.0
AK 0.1 2.6 7.2 12.8
DM 0.5 4.1 9.4 11.2
Mean 0.2 3.3 6.8 10.3
Mean 00 = ( F A ,00 (Tb) ppm + FA, 00 (Bh, 25 s )ppm)/2
Difference = F A ,CO (Bh, 25 s) ppm -  F A ,00 (Tb) ppm
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(25 s) CD and mean alveolar CD reported by Rawbone and in the present 
study (75.6% and 24.0%, at mean alveolar CO concentrations of 18.8 
ppm and 21.7 ppm respectively) may be explained in terms of the way 
mean alveolar 00 was calculated. Estimations of mean alveolar CD have 
to be corrected for dead space dilution; the present study used end- 
tidal and mixed expired 002 signals from the mass spectrometer (see 
equation 4.1) whereas Rawbone's values were calculated from tables 
r e l a t i n g  dea d  space to ideal b o d y  weight. Secondly, due to 
humanitarian reasons only three people had their expired 00 levels 
raised to levels equivalent to those of heavy smokers. It is possible 
that inter-subject differences exist and that the three subjects were 
not typical of those used in Rawbone's study. Thirdly, Rawbone's 
study used habitual cigarette smokers, whereas the present study used 
non-smokers. It is possible that some constituent of cigarette smoke 
affects the concentration of expired 00 measured using one or both of 
the methods. A  25 s breath-hold was used in the present study 
whereas Rawbone's work used a 20 s period. However, it is unlikely to 
be of importance since study 1 showed little difference between 
breath-hold CO concentrations obtained after a 20 and 25 s breath- 
hold.
Study 3: Comparison of three alveo l a r  CO methods at four oxygen 
levels.
Introduction.
In Study 1 breath-hold CO concentrations started to fall when 
the period of breath-holding was in excess of 25 s. This may have 
been related to reduced blood 02 tension and the resultant increase 
in the affinity of haemoglobin for CO. As a result of this, a study
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was performed to look at the effect of changing the inspired 02 level 
on the three methods of measuring expired CO.
Methods.
After CO loading, using seven non-smokers, measurements of 
rebreathing 00, breath-hold (25 s) 00 and mean alveolar 00 were made 
at inspired 02 concentrations of between 15 and 30% in 5% increments. 
Whilst the order of measurement was kept constant, (rebreathing, 
breath-hold and mean alveolar) the inspired 0 2 concentration was 
altered using a randomized design.
Results.
The three methods of measuring expired CO were performed at 
slightly different 0 2 concentrations. Accordingly, comparison of 
these three methods over the range of 0 2 used was performed by 
calculating a regression line for each method and each subject (21 
regression lines in total). Values for expired CO were then 
i n t e r p o l a t e d  from these r e g r e s s i o n  l i nes at end - t i d a l  0 2 
concentrations of 15, 20, 25 and 30% (Figure 4.11). The 02 levels for 
the rebreathing and mean alveolar tests were taken as end-tidal. This 
was not always available for breath-holding so the mean bag 02 value 
was used instead, then reduced by 0.4% (the average difference in 
subjects where the record was complete).
At the four end-tidal concentrations, mean alveolar was 
systematically lower than either breath-hold (25 s) or rebreathing 
values (Table 4.4). Analysis of deviance showed a significant 
increase in expired CO as the inspired 02 level was increased across 
all methods (p<0.001), and a significant mean difference between the 
three methods (p<0.01, even when allowing for the Bonferroni
1 0 9
□ Rb
v Bh (25 o) 
a  Tb
Figure 4.11
Comparison of rebreathing, breath-bold (25 s) and mean 
alveolar CD at four end-tidal O2 concentrations using seven 
subjects. Mean, + 1 SEM.
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T a b le  4 .4
Comparison, using interpolated values, of methods of 
m e a s u r i n g  e x p i r e d  CO w i t h  change in end t i d a l  0 2 
concentration. FA,CO (Bh, 25 s) i n c l u d e s  a 0.4 % 0 2 
correction. Mean data, n=7, + SD, CO = ppm, NS = non 
significant, * = p<0.05, **= pCO.Ol, *** = pCO.OOl.
End tidal 02 concentration %
15 20 25 30
FA,00 (Bh, 25 s) 17.6 22.9 28.3 33.7
p m 4.2 5.5 7.0 8.5
FA,00 (Rb) ppm 17.5 23.9 30.3 36.7
3.0 4.4 5.8 7.3
FA,00 (Tb) ppm 13.3 17.5 21.7 26.0
2.9 3.9 5.2 6.5
Analysis of deviance of estimates of expired CO from 3 
methods on 7 subjects at 4 levels of inspired 02. Estimates 
from model: Mean for each subject + mean for each inspired 
02 + mean for each method.
Inspired 02 Estimate Standard t Corrected
(6 possible Error Sig.
differences)
02 (20%) - 02 (15%) 6.00 0.866 6.93 ***
02 (25%) - 02 (20%) 4.17 0.866 4.82 ***
02 (30%) - 02 (25%) 3.31 0.866 3.83 ***
Methods
(3 possible differences)
FA,00 (Rb)-FA,C0 (Bh) 2.69 0.750 3.59 **
FA,00 (Tb)-FA,00 (Bh) -3.60 0.750 4.80 ***
FA,00 (Rb)-FA,00 (Tb) 6.29 0.750 8.39 ***
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correction). There were no significant interactions between inspired 
C>2 and method or between subject and method.
Discussion.
CD uptake, (transfer factor for CO ) is effectively the reverse 
of estimating HbCO by measuring CO in the alveolus. By analogy, 
things that affect the transfer factor for CO may be applied to 
investigate what affects the measurement of expired CO. The transfer 
factor for CO shows a fall when the 0 2 tension is raised, as 
explained by the rate of combination of CO with intracellular 
haemoglobin (Douglas et al, 1912, Forster et al, 1957). The 
relationship between HbCO and blood 02 tension can be predicted using 
the Haldane equation (equation 2.1) where, as blood oxygen tension 
rises HbCO falls.
Breath hold 00 in study 1 showed a fall when breath-holding was 
in excess of 25 s and can be associated with lower breath-hold 0 2 
concentrations. The interpolation technique used in this study 
allowed comparison of results using the three different methods. 
Calculations show a consistent difference between mean alveolar and 
the other two measurements at all 02 levels; mean alveolar was on 
average 72.9% of the rebreathing value, ranging from 76% to 70.8% at 
end-tidal 02 concentrations of 15% and 30% respectively. Therefore it 
appears that there was some factor which caused the mean alveolar 
measurement to be reduced, and this may account for the observations 
in Study 2 where the difference between mean alveolar and breath hold 
00 became larger as the concentration of expired 00 increased.
O v e r  the range of 0 2 used, b r e a t h - h o l d  and rebreathing 
techniques also produced significantly different values of expired 00
1 1 2
(Table 4.4) indicating that the breath-hold method was also not 
measuring equilibrated values of CO. Although measurements of 
rebreathing CO were higher than the other two techniques, it cannot 
be assumed that this method also measured equilibrated values of 
expired CO, although there is a greater probability since the test 
was performed over three minutes at normal 02 levels. Thus a 
transient or quasi steady-state existed between HbCO and the gas 
phase and that non-invasive estimate of HbCO was dependent upon the 
method of measurement.
Study 4 The effect of change of body posture on the measurement of
expired CO.
Introduction.
The transfer factor for CO increases with change from the 
sitting to supine posture (Bates and Pierce 1956, Hyland et al. 1978) 
and from the standing through sitting to supine body positions, 
Ogilvie et al. (1957). This was attributed to a change in the 
ventilation/perfusion ratio of the lungs (VA/Q) in terms of more 
uniform distribution of blood. However, an increase in pulmonary 
capillary blood volume could not be excluded. In view of these 
observations the effect of change in body posture on the measurement 
of expired 00 was investigated using the following procedure.
Methods.
In study 4a, using 10 subjects, expired 00 was raised to 3-5% by 
rebreathing 1.5-3 litres of a 2% CO mixture using the previously 
described loading procedure. Following a 5 minute period of rest, 
duplicate readings of breath-hold 00 (using a 20 s breath-hold) were
1 1 3
performed in the standing and supine body posture using a balanced 
randomized design.
In study 4b, using the same general protocol, measurements of 
rebreathing and mean alveolar CO were also made in these two body 
positions.
The data from these studies were not normally distributed and 
therefore the differences between the two body positions were 
analysed using Wilcoxon's signed-rank test.
Results.
In all subjects breath-hold and mean alveolar measurements rose 
significantly when body posture was changed from standing to supine 
(Figure 4.12, Table 4.5). Rebreathing showed no significant 
difference with change in posture, however, the data were more 
variable (decreasing in 6 observations; increasing in the remainder).
Table 4.5
Comparison of mean values (+ SD) with change in body 
posture. n=10, NS = non significant. * =p<0.05, ** = pCO.Ol,
*** p=<0.001, values compared using Wilcoxon’s signed-rank 
test.
Supine Standing Difference Sig
Standing- level 
Supine
Study 4a FA,00 (Bh) 27.5 23.7 -3.8 **
ppm 10.2 9.8
Study 4b FA,00 (Tb) 21.6 19.0 -2.6 **
ppm 7.7 7.5
FA,00 (Rb) 27.5 27.6 0.1 NS
ppm 9.8 10.1
In a pilot study using seven subjects, average breath-hold CO 
increased from 38.6 to 44.2 ppm on changing from the standing to
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Figure 4.12
Qxtiparison of the three methods of measuring expired CD in 
supine and standing body positions using 10 subjects. Solid 
block line and filled circles indicate mean data.
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supine position, while breath-hold 02 fell from 16.0% to 15.8%. 
Discussion.
The fall in breath-hold and mean alveolar 00 associated with a 
change in posture from the supine to standing position contributes to 
the evidence presented in this chapter, that 00 in the blood and gas 
phase are not equilibrated when using these techniques. If they were 
equilibrated, posture induced changes in VA/Q would have had no 
effect. Although more variable, the rebreathing method was unaffected 
by change in posture. This is probably attributable to the method, 
where any inequalities in ventilation and perfusion of the lung would 
have been smoothed out over the rebreathing period. Therefore this 
method is unlikely to be affected by perfusion-based changes in 
ventilation/perfusion of the lung which was indeed shown in this 
study. The breath-hold and mean alveolar CO methods can therefore 
only be used to estimated HbCO as long as the same methods and 
conditions are adheared to.
Conclusions.
Since measurements of expired CO are highly correlated with 
direct measurements of HbOO, it is often assumed that equilibration 
between these two measures has been reached, however, the present 
study shows this not to be true for the measurements of breath-hold 
and mean alveolar 00.
The simple breath-holding technique for measuring alveolar 00 
gave consistent results with a 20 or 25 s period. This is a 
compromise between the time to reach an apparent equilibration and 
the effects of decreasing 02 level. The results were systematically 
higher than the mean alveolar values obtained during tidal breathing,
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the difference being proportional to the expired CO concentration. 
For each method, CO levels varied in proportion to the inspired 02 
concentration; in normoxic conditions breath-hold and rebreathing 
techniques gave similar values which were larger than those using the 
mean alveolar method. Mean alveolar and breath-hold techniques were 
affected by changes in body posture, probably reflecting lung 
perfusion changes, but the rebreathing method was independent of 
these.
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CHAPTER FIVE
Comparison of Alveolar CO and 
Carboxyhaemoglobin Before and After Smoking, 
and Following Acute 00 Exposure.
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The inhalation of cigarette smoke, which contains 5% of CO, 
would be expected to increase the proportion of HbCO in the blood, 
and this is shown to be the case. There is a general assumption that 
there exists an equilibration between the alveolar gas and capillary 
blood in the respect of 00, so that estimation of alveolar CO would 
give a reliable index of the HbCO concentration in the blood.
However, in seme smokers, measurement of alveolar 00 before and 
after smoking showed that the use of a single cigarette produced a 
fall (a negative boost) in alveolar CO. McBride et al. (1984) 
reported negative boosts in 2 out of 27 studies, and in an 
independent study (M Buckman, personal communication) using the tidal 
breathing technique (Rawbone et al. 1976) showed falls in 5 out of 22 
studies. The objective of this chapter was to illuminate this 
paradox. It seems likely that the fall in alveolar 00 after smoking 
is a function of altered ventilation/perfusion (VA/Q) relationships 
produced by sane component of cigarette smoke. Since the rebreathing 
technique of measuring alveolar CO seems to be independent of 
perfusion (induced by change in body posture) this measurement was 
compared with the value obtained on breath-holding as well as the 
level of HbOO obtained by venepuncture.
Subjects.
Anthropometric, lung function data and cigarette consumption for 
the subjects used in the three studies documented in this chapter are 
summarized in Appendix 2. All subjects gave informed consent in 
writing before beginning the procedure which was approved by the 
Institute ethical committee. The only marked differences between the
Introduction.
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groups were that the non-smoking subjects in Study 2 were on average 
younger and taller than those in the two smoking groups. Subjects in 
Study 3, however, were older than those in the larger population of 
smokers.
Study 1: Ocnpariscn of pane and post-smoking alveolar CD and HbCD.
Introduction.
As part of the smoking compensation study described in this 
thesis (Chapters 6 and 7), pre and post-smoking measurements of 
breath-hold 00 (using a 20 s breath-hold), and HbOO were performed 
using the following protocol.
Methods.
101 subjects (42 male, 59 female) attended the laboratory on 1- 
11 separate occasions at 4-6 week intervals, producing a total of 500 
observations. The subject refrained from smoking for at least half an 
hour before the study. A 20 s breath-hold CO measurement was made 
followed by a venous blood sample obtained from an anticubit a 1 vein 
and analysed for HbCO, (see Chapters 3 and 4 for details of 
calibration and methods of measurement). The subject was then asked 
to smoke their normal brand of cigarette, using a cigarette holder as 
naturally as possible. Within 5 minutes of finishing their cigarette, 
HbOO was measured followed by a second estimation of breath-hold 00 
(the time interval between alveolar and venous blood measurements was 
about 2-3 minutes). In 140 studies a third breath-hold 00 measurement 
was made after a further five minutes, however, a third HbCO 
measurement was not made to avoid a further venepuncture.
In Chapter 4, details were given of the equation used to correct
1 2 0
for the concentration of CD caused by the removal of O02 and H20. In 
the present study measurement of C02 in the breath-hold gas was 
unavailable. Jones et al. (1958) showed that the mean breath-hold 002 
concentration after a 20 s breath-hold was 5.03% (n=132) and a 
similar figure (4.7%, n=15) was found in Chapter 4. Breath-hold CO 
measurements uncorrected for C02 are therefore overestimated by 
approximatly 5% and are represented with a prime after the breath- 
hold abbreviation (FA,00 (Bh1)).
Results.
Pre-smo3d_ng breath-hold 00 and HbOO were compared and are shown 
in Figure 5.1 (top panel). Post-smoking values were treated in the 
same way and are represented in the bottom panel. Both relationships 
were highly correlated (Table 5.1.1), using analysis of covariance 
the only significant difference between these two lines was in their 
y-intercept, the post-smoking regression line being displaced upwards 
relative to the pre-smoking line (Figure 5.1, bottom panel, Table 
5.1.2), that is for any given rise in HbOO the corresponding increase 
in breath-hold CO was reduced. This effect was highly significant 
with an F ratio of 193.8 (the 0.005 limit is only 7.88). Both plots 
appear curvilinear and this was confirmed using a second order 
polynomial regression equation which gave a significant decrease in 
the deviation about regression (Table 5.1.1). This effect was very 
small and was neglected in other analyses in this chapter. From the 
regression equation, for every 1% HbCO there were 5.4 ppm CO in the 
expired breath.
Since most subjects contributed more than one pair of readings 
to the data pool, it could be argued that the analysis is looking at
1 2 1
Pre-smoking
r=0.938
Post-smoking
r >=0.931
FA.CO (Bh‘) ppm
Figure 5.1
Comparison of breath-hold alveolar CO and HbCO on 500 
studies measured in 101 individuals, before (top panel) and 
after (bottom panel) smoking a single cigarette.
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Regression analysis on pre and post-smoking FA,00 (Bh1) ppm 
(X) and HbCO % (Y) from 500 observations and 101 
individuals.
Table 5.1.1
Linear regression
Pre-smoking Y = 0.034 + 0.179 . X, r = 0.938
Pre-smoking (n=101) Y = -0.043 + 0.180 . X, r = 0.948
Post-smoking Y = 0.569 + 0.186 . X, r = 0.931
Post-smoking (n=101) Y = 0.467 + 0.186 . X, r - 0.945
Second order polynomial
Pre-smoking Y = -0.468 + 0.217 . X - 0.0006 . X2
Post-smoking Y = -0.062 + 0.230 . X - 0.0007 X"
Deviation about regression significantly less than for 
linear regression (p<0.005) in each case.
Table 5.1.2
Comparison of pre and post-smoke linear regressions using 
analysis of covariance. 500 observations. NS = non
significant, * = p<0.05, ** = p<0.01, *** - p<0.001
F ratio nl n2 Sig. ]
Position 193.80 1 997 ***
Slope 2.16 1 996 NS
Residual error 0.84 498 498 NS
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both between and within-subject variability. The analysis was 
therefore repeated using one observation per subject (usually the 
second visit). A similar regression equation was obtained which was 
not significantly different from the original equation using 500 
observations (Table 5.1.1). Previous studies comparing these two 
indices have usually used subjects of one sex. The data were 
therefore subdivided by sex and analysis of covariance (using 203 
male/297 female observations) showed no significant sex differences.
A difference in the data was demonstrated when two groups, one 
having FEV-^/FVC ratios less than an arbitrary 71.5%, the other 
greater than 86% (each group had 10 subjects with 5 values each) were 
compared (Table 5.2.1-2). Again using analysis of covariance, data 
from the group with low ratios were displaced upwards relative to 
that of the high ratio group with a significant difference in the 
positions of the slopes for pre and post-smoking, thus subjects with 
low ratios had higher levels of HbOO relative to breath-hold 00. The 
low ratio group also had a significantly steeper slope after smoking 
(Table 5.2.2).
Comparison of the boosts showed that the two indices were highly 
correlated, r=0.705 (Figure 5.2, Table 5.3), however, less than half 
of the variability of the measurements could be explained by a 
relationship between them. 20.6% (103/500) of the breath-hold values 
showed negative boosts, whilst HbOO only showed 0.6% (3/500) negative 
boosts. To allow comparison of the two methods, the data were 
expressed as the relative boost as a percentage of the mean, on an 
individual basis, using equation 5.1.
Relative boost % = (post value - pre value) x 100 [5.1]
(pre value + post value)/2
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Comparison of pre and post-smoking linear regression 
equations in subjects with low and high FEV-^/FVC ratios, 
(below 71.5% and above 86.0% respectively). 10 subjects in 
each group. 5 sets of data per subject.
Y = HbCO %, X = FA,CO (Biff) ppm.
Table 5.2.1
Pre-smoking
Low Y = 0.369 + 0.185 . X, r = 0.935.
High Y = 0.629 + 0.158 . X, r = 0.880.
Post-smoking
Low Y = 0.618 + 0.204 . X, r = 0.937.
High Y = 1.061 + 0.168 . X, r = 0.900.
Table 5.2.2
Analysis of covariance. NS = non significant, * = p<0.05, **
= p<0.01, *** = p<0.001.
Comparison of low and high groups pre-smoking.
F ratio nl n2 Sig.
Position 9.16 1 97 **
Slope 2.95 1 96 NS
Residual error 0.90 48 48 NS
Comparison of low and high groups post--smoking.
F ratio nl n2 Sig.
Position 14.73 1 97 **
Slope 4.90 1 96 *
Residual error 1.38 48 48 NS
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Figure 5.2
Comparison of breath-hold alveolar 00 and HbCO boosts on 
smoking one cigarette on 500 studies measured in 101 
individuals.
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Comparisons of boost values, (post-pre), means ((pre + 
post)/2) and individual pre and post-smoking observations 
of FA,CO (Bhf) ppm and HbCO %, (500 values).
Correlation between boost measurements for HbCO (X) and 
FA,CO (Bh’), (Y).
Y = -2.37 + 4.07 . X, r = 0.705, pCO.OOl.
Correlation between pre (X) and post (Y), -smoking values. 
FA,00 (Bh'); Y = 3.32 + 0.960 .X, r = 0.966, pCO.OOl
HbCO (%) ; Y = 1.08 + 1.010 .X, r = 0.974, pCO.OOl
Correlation between mean (X), and boost, (Y).
FA,00 (Bh'); Y = 2.40 - 0.007 . X, r =-0.025, NS
HbOO ; Y = 0.92 + 0.037 .X, r = 0.160, pCO.OOl
Table 5.3
Summary of mean values (+ SD):
Mean SD Range
Pre-smoke FA,00 (Bh*) ppm 27.69 11.72 4.00-71.00
Post-smoke FA,CO (Bh') ppm 29.91 11.64 3.00-72.00
Boost FA,00 (Bhr) ppm 2.22 3.04 -7.50-12.00
Pre-smoke HbOO % 4.99 2.34 0.00-11.85
Post-smoke HbCO % 6.12 2.32 0.00-13.30
Boost HbOO % 1.13 0.53 -0.35-2.75
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The relative boost showed a marked difference between the values 
obtained for both measurements; 7.7% (2.1/28.8) for breath-hold CO 
and 20.3% (1.13/5.56) for HbCO (Figure 5.3).
Correlations were derived between the pre and post-smoking 
values and between the boost and the mean value for each index 
(Figure 5.4, Table 5.3). For both indices, pre and post-smoking 
values were highly correlated (0.966 and 0.974 for FA,CO (Bh') and 
HbCO respectively) indicating that the variability of the two 
measurements was comparable. The boost and mean values were not 
correlated for breath-hold 00 and although there was a significant 
correlation for HbCO (r=0.16, p<0.001) this could only account for 
2.5% of the variability of the measurement (Figure 5.5, Table 5.3)
The consistency of the mean and boost values were examined using 
analysis of variance in 57 subjects who had completed data on five 
separate visits to the laboratory. The betweeen-subject differences 
were highly significant in al 1 cases and there were significant 
between-session differences for the mean values, where breath-hold 00 
and HbCO fell over the study period (30.6 to 26.7 ppm and 5.88 to 
5.03% respectively). All the smoking variables have been treated in a 
similar fashion in Study 2 of Chapter 6.
In studies where a third breath-hold sample was collected 5 
minutes after the post-smoking one, the mean values for the 140 
readings were 26.78, 28.52 and 28.90 ppm respectively (Figure 5.6), 
compared with HbCO readings of 4.65% and 5.67% for pre and post­
smoking values). An analysis of deviance, incorporating the 
Bonferroni correction, using the mean for each subject and the mean 
for each time point indicated that the boost was significant (1.74
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Smoking study
HbCO FA.CO (BIV)
Figure 5.3
Relative boost as a percentage of the mean for HbCO and 
breath-hold CO measured in the smoking study (mean of 500 
observations measured in 101 subjects).
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Figure 5.4
Comparison of pre and post-smoking values far breath-hold 
CO (top panel) and HbCO (bottom panel) using 500 
observations from 101 subjects.
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Conpariscn of the change against the mean value far breath- 
hold (X) (top panel) and HbCO (bottom panel) using 500 
observations from 101 subjects.
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Figure 5.6
Changes in mean (+ 1 SEM) breath-hold CO on and after 
smoking a single cigarette. 140 observations using 75 
subjects.
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ppm pCO.OOl), but the secondary change was not. There was a 
significant negative correlation between the boost and the secondary 
change (r=-0.28, pCO.Ol).
Discussion.
The hypothesis underlying the use of alveolar CD measurements as 
an index of HbOO is that a steady or quasi steady-state is reached in 
the gas phase, equivalent to that in the blood. Over a range of 0-10% 
HbCO this relationship can be approximated by a straight line, 
although at higher levels the slope of the line decreases (Jones et 
al. 1958, Jarvis et al. 1980). The present study also showed a 
similar relationship and the pre-smoking linear regression equation 
and correlation coefficient was similar to published values (Table 
2.1 and 2.2). However, Chapter 4 demonstrated that measurement of 
expired CO was dependent upon the method of measurement and can be 
affected by changes in inspired 02 concentration and body posture. 
Jarvis et al. (1980) have shown that patients diagnosed 
radiological ly as having emphysema have a steeper slope in terms of 
the relationship between breath-hold CO and HbCO, than normal 
smokers, and this would seem consistent with the findings of a 
steeper slope in subjects with a low FEV^/FVC ratio obtained from the 
present study. These observations therefore limit the use of alveolar 
gas for estimating HbOO levels, particularly where lung function is 
impaired.
If the concentration of CO in alveolar gas is to be used to 
monitor changes in HbCO on smoking, there is an assumption that when 
a subject absorbs CO, blood and alveolar gas measurements increase 
proportionately; (equivalent to all data lying on one breath-hold
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CO:HbCO line). After smoking however, there was a very highly 
significant difference in the position of the line although the slope 
remained essentially unaltered. This shift is unlikely to be a result 
of random variation in the measurements since 500 pairs of 
observations were used and the residual error, which expresses the 
difference in scatter about the two regression lines, did not alter 
significantly. Both tests seem to be of comparable precision since 
there was a similar highly significant correlation between the pre 
and post-smoking values for the alveolar and blood data (Figure 5.4, 
Table 5.3). This effect does not seem to be related to the level of 
HbOO since there were weak or insignificant correlations between the 
boost and the mean values for both indices (Figure 5.5, Table 5.3).
The relative boost for breath-hold 00 was only about 40% of that 
for HbCO (Figure 5.3), however, HbCO boost was 1.13%, similar to 
reported values (for example: Russell et al. 1973b, Castleden and 
Cole 1974 and Anderson et al. 1975). There was considerable between- 
subject variation, with some individuals always producing negative or 
zero breath-hold boosts while others showed large increases each 
time. Since this effect is consistent, it is unlikely to be the 
product of randan error in the measurement.
In the 140 observations where a third measurement of breath-hold 
CO was made 5 minutes after the post-smoking measurement, after an 
initial boost a further rise (which just failed to reach 
significance) was seen. This study did not make a third HbCO 
measurement, however, published data suggests that HbCO falls 
following smoking rather than showing a secondary rise (see Study 2 
of this chapter and Anderson et al. 1975). An increase in expired 00 
has been reported before. Jongbloed (1939) found on smoking a
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cigarette, expired CO rose to 0.00285% (he had smoked three 
cigarettes in the previous 60 minutes). After 12 minutes the level 
had risen to 0.00315%, falling to 0.00290% after 32 minutes had 
elapsed since smoking.
The changes in breath-hold CO may be caused by a transient 
alteration in pulmonary gas exchange (see Study 3 in this chapter) 
induced by other components of tobacco smoke. As this effect 
disappears, FA,00 (Bh') will rise towards a value consistent with the 
current HbCO level. However if HbCO has already fallen, the FA,00 
(Bh’) boost will still be under-estimated even with a 5 minute wait 
after smoking. The inverse correlation between the FA,00 (Bh’) boost 
and the subsequent rise can be explained in terms of this postulated 
pulmonary effect: if the effect is pronounced the initial CO boost 
will be small or negative while the subsequent rise would be large; 
conversely if the effect is small, a large CO boost may be seen 
followed by a small or negative change.
Study 2: Exposure to CD rather than cigarette smoke.
Introduction.
Study 1 demonstrated that as a result of smoking a cigarette, 
the accuracy of alveolar 00 in predicting HbCO was seriously impaired 
and it was postulated that some component in tobacco smoke causes 
transient changes in VA/Q of the lung. The aim of Study 2 was to 
investigate what happens when a person is exposed to 00 rather than 
cigarette smoke.
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Using seven subjects, a venous cannula was placed in a forearm 
vein and flushed intermittently with a heparin solution, (Hepflush, 
Burgess, 100 units per ml). Simultaneous HbCO and breath-hold CO 
measurements were taken on 5 occasions over a period of 25 minutes. 
The subject was then loaded (using the procedure described in Chapter 
4) with CO three times, with five pairs of HbCO and breath-hold CO 
measurements being performed following each loading period to give a 
total of 20 pairs of readings per subject.
Results.
A summary of the mean data for this study is given in Table 5.4. 
There was a highly significant correlation (r=0.992) between the HbOO 
and breath-hold CO readings on the seven subjects studied at four 
levels (Figure 5.7, Table 5.5.1). The data used were uncorrected for 
002 absorption so as to allow comparison with the pre-smoking data in 
the previous study. Using analysis of covariance, the y intercept was 
negative for the non-smokers, the deviation about regression was 
significantly less and the slope of the line was slightly steeper 
(Table 5.5.2). This plot was also slightly curvilinear with a second 
order polynomial equation giving a significantly better fit to the 
data (Table 5.5.1).
In this study the relative boost was defined as the rise from 
the last reading before CO loading to the first one afterwards, 
giving a total of 21 values, (3 successive loads for 7 subjects). The 
mean relative boosts were very similar, being 71.7% for breath-hold 
00 and 75.2% for HbOO (Figure 5.8, lower panel).
M ethods.
The way in which these indices changed over the set of 5
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Table 5.4
Summary of mean values (n=7 + SD) 
carboxyhaemoglobin with loading, 
level).
for breath-hold CO and 
(5 measurements at each
FA,00 (Bh') ppm HbOO %
Mean SD Mean SD
Level
no.
1
1 2.5 2.4 0.0 0.0
2 2.5 2.2 0.0 0.0
3 2.6 2.4 0.0 0.0
4 2.4 2.1 0.1 0.0
5 2.5 1.9 0.1 0.0
Level
no.
2
1 21.4 5.1 3.6 1.0
2 19.2 5.4 3.3 0.9
3 18.5 5.3 3.2 0.9
4 18.0 4.5 3.1 0.9
5 17.7 4.8 3.0 0.8
Level
no.
3
1 36.9 8.7 6.5 1.5
2 33.6 8.2 6.2 1.5
3 33.0 8.1 6.1 1.4
4 32.5 8.0 5.9 1.4
5 31.2 7.7 5.8 1.3
Level
no.
4
1 52.6 11.8 9.5 2.3
2 47.3 12.8 9.0 2.1
3 47.5 12.4 8.8 2.0
4 47.4 12.4 8.8 2.0
5 46.5 11.3 8.5 1.9
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Figure 5.7
Comparison of breath-hold CD and HbCD measured in 7 
subjects. 5 paired measurements made, at 4 levels of breath- 
hold CD (CD levels raised by the CD loading proceedure)
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Table 5.5.1
Comparison of breath-hold 00 and HbCO measurements in 7 non 
-smoking subjects after loading with a 2% CO mixture. 20 
values each, n=140, X = FA,CO (Bh') ppnj, Y=HbC0 %.
Linear regression
Y = -0.310 + 0.198 . X, r = 0.992 p<0.001 
Second order polynomial
Y = -0.429 +0.213 . X - 0.0003 . X2
Deviation about regression significantly less than for 
linear case (p<0.025).
Table 5.5.2
Analysis of covariance. NS = non significant, * = p<0.05, ** 
= p<0.01, *** = p<0.001.
Comparison of pre-smoke and 00 loading linear regressions.
F ratio nl n2 Sig.
Position 4.27 1 637 *
Slope 18.29 1 636 **
Residual error 2.90 498 138 **
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readings, (R1-R5) obtained after each load were also examined (Figure 
5.9). In view of the different starting levels, data were normalized 
in each set by expressing each value as a percentage of the mean at 
each level (all 5 readings). The 21 separate readings of Rl (7 
subjects, 3 loads) were averaged for breath-hold CD and HbCD together 
with values for R2-R5. The patterns for breath-hold CD and HbCD were 
very similar, with a rapid fall between the first and second 
readings then a slower decline afterwards (Figure 5.9). With HbCO, 
each decrease (1-2, 2-3, etc) was significant (p<0.05, paired t test) 
but with breath-hold 00 this was only true of 1-2 and 2-3.
Discussion.
Comparison of the loading and pre-smoking regression lines 
showed them to be statistically different, this however was not 
suprising since the loading study used a smaller number of 
observations (140 rather than 500), a smaller number of subjects (7 
rather than 101) and that these subjects were contributing data over 
the whole of the HbOO range (0-12%) rather than a particular section 
within that range.
When a person was exposed to CO rather than cigarette smoke, 
both breath-hold 00 and HbOO rose in almost direct proportion to each 
other (Figure 5.8, lower panel), in contrast to that shown in Study 1 
where, following smoking, the relative breath-hold boost was only 40% 
of that for HbCD (Figure 5.8, upper panel).
Comparison of breath-hold 00 and HbCO decay following CD loading 
(Figure 5.9) shows that both these markers fell in a similar fashion 
and would suggest that alveolar gas measurements can provide a 
reliable picture of HbCO changes in the absence of interfering
140
Smoking study
HbCO FA.CO (Bh')
Loading Study
HbCO FA.CO (Bh')
F ig u r e  5 .8
Cbnpariscn of the relative boost as a percentage of the mean 
for HbCO and breath-hold CO from the smoking study (top 
panel, mean of 500 observations measured in 101 subjects) 
and CO loading study (bottom panel, mean of 140 observations 
measured in 7 subjects).
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Observation no.
Figure 5.9
Changes in breath-hold CO (top panel) and HbCO (bottom 
panel) over 5 observations following CO loading (data 
normalised as a percentage of the mean). Measurements made 
on average 1.7, 7.5, 13.3, 19.0 and 24.3 minutes after 
CD loading.
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factors. However, when the fall in breath-hold 00 following smoking 
is also compared (Figure 5.10), a transient but insignificant rise in 
breath-hold CO was seen between the post-smoke and third CO 
measurement indicating that breath-hold CO and HbCO follow a 
different time course after cigarette smoking. This concept would 
offer a mechanism to explain the significant shift in the breath-hold 
C0:HbC0 relationship following smoking. The initial sharp rise, a 
rapid fall, then a slower decrease until the next load shown for 
breath-hold GO in the loading study may result frcm distribution of 
CO to body stores (Coburn 1975); the slower decline reflecting 
normal loss through the lungs.
The relative HbCO boost on loading (Figure 5.8, lower panel) 
was greater than that found with smoking; a result of the larger 
amount of available CO as discussed in Chapter 4. The loading 
process is not comparable to 00 exposure during cigarette smoking. An 
alternative method is to simulate CO exposure during smoking by 
getting subjects to inhale a number of boluses of air containing 00; 
the concentration of which is equivalent to that found in a standard 
puff from a cigarette. This method was adopted by Kamik and Coin 
(1980). Calculation of the relative boost frcm their data, using six 
subjects, shows that expired 00 and HbOO do not rise in proportion to 
each other, values increased by about 47% and 39% respectively. The 
expired 00 values were measured immediately after simulated smoking, 
it is therefore possible that there was some CO remaining in the 
airways leading to an over estimation of the 00 boost.
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Figure 5.10
Comparison of mean (+ 1 SEM) changes in breath-hold CO on 
smoking a single cigarette (top panel, 140 observations in 
75 subjects) and following CO loading (bottom panel, 140 
observations in 7 subjects).
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Study 3: The acute effect of smoking an zrbaceathing CD, breath-hold 
CD and alveolar <>>.
Introduction.
Adverse effects of smoking on ventilatory function have been 
reported using nitrogen washout techniques (Chiang and Wang 1976, 
McCarthy et al. 1976, and Langley et al. 1985) and the ventilation 
equivalent (ventilation required per 100 ml 02 uptake) rises on 
smoking (Rothfeld et al. 1961). The reported effect of smoking on the 
VA/Q ratio in the lungs may be accountable for the different results 
obtained in the two previous studies. Study 4, Chapter 4 demonstrated 
that rebreathing CO is unaffected by changes in VA/Q of the lung 
induced by change in body posture. The following study was therefore 
designed to see whether rebreathing CO would prove to be a better 
index of the changes in HbOO as a result of smoking a cigarette.
Methods.
28 established cigarette smokers (10 male) were studied, all of 
whom gave informed consent in writing before undertaking the studies 
which had been agreed by the Ethical Ocmnittee of the Institute.
The experimental methods were the same as those described 
previously. All studies were performed with the subject seated and 
having refrained from smoking for at least half an hour. Before 
smoking breath-hold CO and breath-hold 02 were measured. A 
rebreathing 00 test was then performed with continuous monitoring of 
gas concentrations at the mouth to ensure removal of C02 and the 
maintenance of normoxia. Argon had been added to the circuit as a 
tracer gas to confirm complete mechanical mixing. Breath-hold 00 and 
02 were measured again and venous blood was sampled from an
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antecubital vein for measurement of HbCO. The subjects then smoked 
one of their usual brand of cigarettes. A second venous blood sample 
was taken after smoking, followed by tests in the order of breath- 
hold CO and 02, rebreathing 00, breath-hold 00 and 02. The data were 
analysed using a paired t test and due to multiple testing being 
performed, the Bonferroni correction was applied.
The present study did not include the mean alveolar test since 
previous experience in the laboratory had shown negative 00 boosts.
Results.
There was sane variation in time taken to obtain blood samples 
and to smoke a cigarette. Average mean times of samples in minutes 
were as follows (smoking finished at 26.4 minutes; minutes after 
smoking had finished given in boxes []): first pre-smoke breath-hold 
CO and 02 0.0, pre-smoke rebreathing CO 8.4, second pre-smoke 
breath-hold 00 and 02 11.4, pre-smoke HbCO 15.4. Post-smoke HbOO 27.4 
[1.0], first post-smoke breath-hold 00 and 02 31.4 [5.0], post-smoke
rebreathing 00 37.8 [11.4] and second post-smoke breath-hold 00 and 
02 40.8 [14.4],
The data are summarized in Figure 5.11 and Table 5.6 and the 
time course of the data is repeated in the legend to the figure. 
Depth of inhalation was assessed using the 1966 version of The 
Medical Research Council’s questionnaire on respiratory symptoms. 
The majority of smokers were either moderate or deep inhalers;- 10/28 
were deep inhalers, 15/28 were moderate inhalers, 1/28 was a slight 
inhaler and 2/28 reported not to inhale cigarette smoke. There was a 
marked, significant rise in HbOO (Figure 5.11 top graph) on smoking, 
(relative boost 23.7%, pCO.OOl Figure 5.12 top panel), but
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Figure 5.11
HbCO (upright triangles), alveolar oxygen after breath- 
holding, (squares) and alveolar CO measured by rebreathing 
(circles) and breath-holding (inverted triangles) measured 
before and after smoking a single cigarette. Mean values far 
28 subjects, + 1 SEM. Average mean times of samples in 
minutes are as follows (smoking finished at 26.4 minutes; 
minutes after smoking had finished given in boxes []): 1st
pre-smoke FA,00 (Bh) and FA,02 (Bh) 0.0, FA,CO (Rb) 8.4, 2nd 
pre-smoke FA,C0 (Bh) and FA,02 (Bh) 11.4, pre-smoke HbCO 
15.4. Post-smdke HbOO 27.4 [1.0], 1st post-smoke FA, 00 (Bh)
and FA,02 (Bh) 31.4 [5.0], post-smoke FA,CO (Rb) 37.8
[11.4], 2nd post-smoke FA,CO (Bh) and FA,02 (Bh) 40.8
[14.4].
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Table 5.6
Comparison of indices (mean + SD) before and after smoking. 
n=28, NS = non significant, * = p<0.05, ** = p<0.01, *** = p 
<0.001. Values compared using paired t test incorporating 
the Bonferroni correction.
Pre-smoke data. Post-smoke data.
FA,CO (Bh)-l 
ppm
23.75
9.01
FA,00 (Bh)-l 
ppm
24.57
8.66
FA,02 (Bh)-lQ. 15.341.06
FA,02 (Bh)-l 
%
14.32
1.17
FA,CO (Rb)
PE™
27.42
11.25
FA,00 (Rb) 
ppm
30.05
11.19
FA,00 (Bh)-2
ppm
23.87
9.00
FA,00 (Bh)-2
ppm
25.75
9.27
FA,09 (Bh)-2 
% 2
15.52
0.94
FA,09 (Bh)-2 
%
15.40
0.80
HbOO % 4.59
2.03
HbCO % 5.65
2.14
Statsitical ocmparison:
Index
FA,00 (Bh) ppm
Difference
ppm
Significance level
Pre 1 vrs pre 2 
Mean pre vrs post 
Mean pre vrs post
0.13
1 0.76
2 1.94
NS
NS***
FA,02 (Bh) %
Pre 1 vrs pre 2 
Mean pre vrs post 
Mean pre vrs post
0.19 
1 -1.11 
2 -0.03
NS***
NS
FA,00 (Rb) ppm
Pre vrs post 2.63 **
HbCO %
Pre vrs post 1.06 ***
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rebreathing CD (Figure 5.11 third graph down) showed a much smaller 
change (relative boost 9.8%, p<0.005 Figure 5.12 top panel). There 
was no significant difference between the two pre-smoke values of 
breath-hold CO, (Figure 5.11 bottcm graph) so the data were meaned to 
provide one pre-smoke value. The change on smoking was insignificant, 
(relative boost 3.9%, p>0.05 Figure 5.12 top panel) but this
increased to 8.5%, (pCO.OOl) when the pre-smoke values were compared 
with the second post-smoking samples.
Breath-hold 02 (Figure 5.11 second graph down) did not change 
significantly between the two pre-smoke samples (15.3% and 15.5%, 
p>0.05) so the data were again meaned to provide one pre-smoke value; 
Breath-hold 02 fell significantly to 14.3% on the first post-smoke 
sample, (pCO.OOl) and rose significantly to 15.4% (pCO.OOl) on the 
second post-smoke sample. As the inspired 02 concentration was 
controlled by the operator during the rebreathing tests, the pre- and 
post-smoking end-tidal 02 levels were almost identical at 15.9%.
Comparison of these results with those from study 1 showed that 
pre-smoking breath-hold CO and HbCO were also highly correlated 
(r=0.939, pCO.OOl). The breath-hold and rebreathing boosts were not 
significantly correlated (r=0.260, p>0.05), but both boosts were 
significantly correlated with the boost in HbOO (r=0.483 and 0.418, 
pCO.Ol respectively) but the relationship was much weaker than in 
study 1. There were 10 negative breath-hold 00 boosts and 7 negative 
rebreathing 00 boosts.
Discussion.
Although the rebreathing method gave a higher value for the 
changes in carboxyhaemoglobin on smoking than the breath-holding
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Uncorrected for oxygen
HbCO FA.CO (Bh) FA.CO (Rb)
Corrected for oxygen
HbCO FA.CO (Bh) FA.CO (Rb)
Figure 5.12
Relative boost as a percentage of the mean for HbOO, breath- 
hold OO and rebreathlng OO from 28 subjects. Latter two 
indices are uncorrected (top panel) and corrected (bottom 
panel) for the observed changes in alveolar oxygen 
concentration.
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technique, it is quite clear that neither provide quantitative 
estimates. The serious reservations about the use of the alveolar CD 
boost in acute smoking studies previously presented are therefore 
extended to include rebreathing and lead to the conclusion that there 
is no alternative to direct HbCO measurements.
There are a considerable number of reports on the acute effect 
of smoking on lung function and have mainly concerned lung mechanics 
(for example: Nadel and Comroe 1961, Zuskin et al. 1974 and Da Silva 
and Hamosh 1981). These workers observed temporary increases in 
airway resistance, as a result of smooth muscle contraction, with a 
gradual return to pre-smoking levels over the ensuing 30-40 minutes, 
or falls in the forced expiratory flow rates. Gayrard et al. 1974 
have shown that there is considerable between-sub j ect variability in 
the response to acute smoking. Other studies, however, have not shown 
such changes. Higenbottam et al. (1980) demonstrated that only 3 out 
of 13 subjects showed consistant increases in airways resistance on 
smoking a cigarette and Rees et al. (1982) measured airways 
resistance before and after smoking in 36 subjects on 210 occasions 
and only found significant increases in airways resistance on 19 
occasions in 13 subjects. From these two studies, any change in lung 
function seems to be dependent upon the manner in which people smoke 
rather than the amount or type of cigarette smoked. When 
bronchoconstriction does occur it seems not to be mediated by 
nicotine (Nadel and Comroe 1961), but the irritant qualities of 
tobacco smoke do increase with tar content (Rees et al. 1982).
The studies investigating ventilation changes as a result of 
cigarette smoking have been cited, however, smoking is also likely to 
alter perfusion in the lung. Histamine has been shown to be released
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in response to tobacco smoke in the intact dog lung (Aviado et al. 
1966). Using isolated dog lungs, Samanek and Aviado (1966) showed 
vasoconstriction after administering nicotine or smoke. Measurement 
of alveolar 002 before and after smoking nicotine and non-nicotine 
containing cigarettes led Main (1941) to conclude that the chief 
pharmacological agent in cigarettes which caused changes in perfusion 
of the lung was nicotine.
The boost in the breath-holding test (although smaller than 
observed in Study 1) was one third of that for the rebreathing test, 
however, a significant rise in breath-hold CO was seen in the period 
after smoking. A possible explanation lies in the fall in alveolar 
02 on smoking. There is conflicting evidence in the literature 
regarding changes in blood 02 levels following rapid smoking where 
exposure to cigarette smoke is enhanced. Miller and Johnson (1976) 
found no change in arterial P02, whereas Dawley et al. (1976) showed 
a mean fall in oxygen saturation of 5.58% in 10 smokers. Sachs et al. 
(1978) also showed a fall in arterial 02 in 16 out of 24 healthy 
young smokers. These findings seem consistent with the fall in 
breath-hold 02 in the first breath-holding test made after smoking 
which have been reported in this study. Alveolar 00 appears to vary 
directly with oxygen tension, and the. breath-hold readings made 
immediately after smoking can be corrected for this effect. This 
increased the relative boost to 11.5% (Figure 5.12, bottom panel), 
falling to 8.6% of the mean after 5 minutes. These values were less 
than half of that for the relative HbCO boost, thus a simple 
correction for changes in oxygen does not seem adequate and supports 
the earlier conclusions that this is an inadequate test. Correction 
for 02 on the last breath-hold 00 sample had little effect presumably
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because breath-hold 02 levels had returned to their pre-smoking 
level.
If changes in perfusion as a result of vasoconstriction do occur 
on smoking, resulting in larger volumes of lung deprived of adequate 
perfusion, the breath-hold 02 level should be higher than before 
smoking (inspired 02 is not being taken up by the blood). The fall in 
breath-hold 02 shown in the present study, although significant, may 
be dimminished in magnitude, because of this proposed change in 
perfusion, which may account for the relatively small change in 
breath-hold 02 (1.2%). Other studies have shown much larger falls in 
02 saturation (5.58%), however, these results were obtained on rapid 
smoking which also showed an increase in HbCD from 4.20 - 7.28%.
If changes in perfusion are important for alveolar CO 
measurements it should be possible to minimise them by using the 
rebreathing method. This should be insensitive to VA/Q inequalities 
since the gas is mixed throughly over several minutes between the 
lungs and the external breathing circuit. Whilst the rebreathing 
method of estimating expired CO seems slightly better than the 
breath-hold at reflecting changes in HbCO, the relative boost for 
rebreathing CO was less than half of that for HbCO. There are three 
possible explanations of this result: firstly that the changes in 
VA/Q induced by smoking are much larger than those associated with 
change in body posture, 2. ventilation rather than perfusion changes 
are paramount during and immediately after smoking or 3. that there 
is seme, as yet, unidentified factor influencing the measurement of 
alveolar CO. The fall in alveolar 02 can be excluded; although 
correction for this effect raised the breath-hold boost, it was still 
less than that for HbOO.
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The first post-smoke breath-hold test was performed 5 minutes 
after smoking, which is likely to be a sufficient time for any 
residual CO to be washed out of the lung. These results contradict 
those presented by Woodman et al. (1987a). Their values from 15 
subjects continued to fall after an initial rise following smoking, 
whereas the 28 in the present study rose significantly, and the 140 
in Study 1 showed a transient but insignificant rise.
The data were also examined to look at the relationship between 
nicotine yield and increased 02 consumption resulting in a fall in 
breath-hold 02, however, there was no significant correlation between 
cigarette nicotine yield and the fall in breath-hold 02 (r=0.04 
p>0.05).
Conclusions.
Carbaxyhaemog 1 obin can be reasonably estimated by measuring the 
CO concentration in the expired gas, providing that suitable 
precautions are taken. These include using the same method of 
obtaining alveolar gas, leaving a reasonable interval since the last 
cigarette (probably at least half an hour) and comparing the results 
with those frcm individuals with similar lung function. When people 
were exposed to CO rather than cigarette smoke, the relative boosts 
for breath-hold CO and HbCO were similar. By contrast, following 
smoking the relative boost for breath-hold CO was only 40% of that 
for HbCO suggesting that these indices follow a different time course 
after smoking, due possibly to a transient effect of smoking on 
pulmonary gas exchange. This will therefore completely invalidate 
estimates of the boost in HbOO made by any alveolar sampling method 
and may contribute to the poor correlation reported between these
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values and other measurements of ventilation on smoking. Such an 
effect would also account for the observed fall in alveolar CO on 
smoking reported earlier in this chapter and lead to the conclusion 
that CO is an unreliable index of changes in HbCO on smoking, and 
therefore cast considerable doubt on the conclusions of many workers 
in this field who have used the boost in alveolar CO concentrations 
to indicate tobacco smoke uptake.
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CHAPTER SIX
Measurements of Smoking:
Sex differences, Reproducibility and Interrelationships.
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One of the aims of this thesis was to investigate changes in 
measurements of smoking with the use of lower tar yield cigarettes. 
The 12 smoking studies per subject were performed in sequence, 1 
visit every 4-6 weeks. The objective of Chapter 6 was to compare 
measurements of smoking behaviour and smoke uptake between sexes 
using data obtained from visit 2. This is followed by an 
investigation of the variability and reproducibility of measurements
of smoking obtained between visit 2 and visit 6. Finally the
v
interrelationships betweeen the measurements of smoking behaviour and 
smoke uptake were also examined.
The measurement of human smoking behaviour.
Measurement of smoking behaviour can be performed using a 
cigarette holder (Creighton et al. 1978). The holder used in the 
present study (Figure 6.1) was based on the original design 
specifications of the OGC plastic cigarette holder. It was machined 
from brass and has a very small dead space (1.1 ml including plastic 
mouth piece).
The holder incorporates an orifice plate with a measuring port 
on either side. The pressure developed across the orifice (flow) and 
between the port nearest to the cigarette and atmosphere (pressure 
used to draw from the cigarette) were measured by two variable 
reluctance pressure transducers (Validyne, MP45) and the signals from 
these units were processed by carrier amplifiers (Hewlett Packard, 
8805B). The holder and transducers were connected by 1.6 m of light 
plastic tubing (2.5 mm internal diameter) so as to allow free 
movement of the holder during smoking. The 2 mm diameter orifice
Introduction.
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produced a very small draw pressure (0.3 cm H20 [0.03 kPa] at a flow 
rate of 17.5 ml/s). The overall contribuion of both the holder and 
plastic mouth piece to the cigarette length (king size) was 
approximately 43%.
The differential pressure across the orifice was linearized 
electronically since it was proportional to the square root of flow 
through the orifice. The signal from the second pressure channel was 
inverted to give positive values and both signals were then 
digitized, at intervals of 20 ms (50 Hz), and analysed by a micro 
computer (Kontron Psi 80 D) programmed in FORTRAN 4. The flow signal 
was monitored on a visual display unit, whilst all signals were 
recorded on a 6-channel chart recorder (Watanabe WR3101).
Calibration of the cigarette holder.
As a result of the linearisation process, the orifice meter was 
relatively insensitive to low flow rates resulting in difficulty when 
setting a baseline. The following calibration was therefore 
performed immediately before each smoking study using the apparatus 
shown in Figure 6.2.
Using a three-way tap, the pressure transducer was calibrated 
with a pressure of -20 cm H20. A reference flowhead (Mercury gauze 
pneumotachograph) was then calibrated using a 100 ml metal syringe 
(tap E open; tap D closed). The cigarette holder was then calibrated 
against the flowhead by drawing air through the system (taps B, C and 
E closed), using a vacuum flow source up a maximum flow of 160 ml/s. 
The signals from both channels were displayed graphically as a check. 
A flow calibration was derived using a linear regression (r always 
exceeding 0.999), and checked by drawing air through the holder using
159
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glass syringes with pre-set volumes (20 ml back check; taps C and D 
open, A, B and E closed: 50 ml back check; taps B and D open, A, C 
and E closed. An average of 10 strokes per syringe). The volume of 
the 50 and 20 ml syringes were checked by weighing the quantity of 
distilled water displaced by 10 strokes of each syringe and were 
estimated to be 19.6 and 49.4 ml respectively. A length of filter 
material was placed between the syringe and holder in order to 
duplicate the situation when a cigarette is used.
Checks on the measurement system.
The transducer measuring pressure drop across the cigarette was 
shown to be highly linear over the working range (r=0.981), and the 
pressure calibration was highly reproducible (coefficient of 
variation of 1.4%, n=7). Using steady flow rates (up to 10 1 per 
minute) the gauze pnemotachograph proved to be highly linear 
(r=0.999), and with any one of the ten cigarette holders used, the 
output from the lineariser (flow) and flow through the gauze 
pneumotachograph were also linearly related (r=0.99).
Puff volume was shown to increase by about 5% when measurements 
were made at constant stroke but differing draw pressure at a flow 
rate of 17.5 ml/s (8.2 to 23.1 cm H20, 0.82 to 2.31 kPa] obtained 
using different lengths of cellulose filter material
Calibration of the cigarette holder was carried out using roan 
air rather than cigarette smoke. Previous workers have shown that 
differences between cool cigarette smoke and room air is unlikely to 
be greater than 3% (Rawbone et al. 1978 and Woodman et al. 1984) and 
are probably attributable to differences in viscosity of the two 
agents.
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The effects of temperature are however more important. Rawbone 
et al. (1978) reported an overall rise of about 6°C by the time the 
coal was 8 rrm from the cigarette filter, after which the temperature 
of the smoke steadily increased. In an in vitro study, Woodman et 
al. (1984) demonstrated that temperatures of up to 80°C were seen in 
the filter on the final puff of 40 ml or above. This produced errors 
of up to 16.8% in the volume measurement.
Guyatt and Baldry (1988) have confirmed these observations and. 
conclude that when the holder is calibrated with air, measurements of 
cool smoke were overestimated by 1.4%. Using four different types of 
cigarette (2 low, 1 low to middle and 1 middle tar yield cigarette), 
four different puff volumes (15, 40, 65 and 90 ml) two different puff 
profiles (early triangle and square wave) and two different flow 
rates (25.7 and 37.0 ml for early triangle and 12.0 and 36.7 ml for 
square wave) temperature changes in the smoke were influenced mostly 
by puff volume and much less by cigarette type, puff profile or flow 
rate. Puff volumes of 15 ml showed little change in temperature and 
except when puff volume was 90 ml the temperature effect was only 
seen in the last 20% of the smoking period. On average, puff volume 
was overestimated by 1.2% per 1°C rise in temperature.
Although errors due to smoke and temperature occur, with the 
exception of the last puff, these errors are likely to be outweighed 
by those associated with the basic calibration of the holder. Changes 
in smoke temperature were not corrected for in the present study.
Measurements of smoke generation and smoke uptake.
Using a computer program, the following indices were calculated 
on a puff by puff basis, and are shown for two typical puff profiles
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Puff duration.
The onset and end of a puff was recorded when the pressure 
signal exceeded or was less than 0.3 cm H20 [0.03 kPa] for 300 ms 
respectively.
Puff interval.
The time interval between the onset of each puff.
Puff volume and pressure integral.
The values for flow and pressure were integrated with respect to 
time between the start and end of each puff to produce puff volume 
and pressure integral respectively.
Maximum flow and peak pressure.
Maximum flow was calculated by relating the highest flow to the 
flow calibration described. With reference to the pressure 
calibration, the peak pressure was measured in the same way.
Latency of peak pressure.
The time during the puff at which the peak pressure occured was 
measured relative to the beginning of the puff (tl on the bottom-left 
of Figure 6.3).
Cigarette draw pressure at a flow of 17.5 ml/s.
The draw resistance of a cigarette can be estimated by measuring 
the pressure drop at a constant flow rate of 17.5 ml/s. This can be 
done by drawing air through the unlit cigarette (at the cigarette 
industry standard of 17.5 ml/s) and the pressure required to obtain 
this flow is measured by a manometer.
in Figure 6.3.
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Figure 6.3
Two typical profiles of linearised pressure drop across the 
orifice - puff flow (top) and pressure drop across the 
cigarette (bottom). Measurements made on a puff by puff 
basis but for clarity are labelled on one of the two 
available profiles (conversion of traditional to SI units: 
10 cm H20 = 1 kPa).
164
The present study calculated the pressure drop for both the 
unlit and lit cigarette by dividing the puff pressure integral by the 
puff volume and multiplied by 17.5 to obtain a value equivalent to 
the pressure drop at 17.5 ml/s. In the present study this measurement 
has been abbreviated to P17.5 and it is the lit values which are 
referred to.
Number of puffs per cigarette.
The number of puffs that the subject took from the cigarette was 
also recorded.
For each smoking study, mean data for all listed variables were 
used. The lighting puff was excluded since this is atypical; it is 
dependent upon the subjects ability to co-ordinate lighting and 
puffing and Henningfield and Griffiths (1979) have reported muliple 
operations of a pressure transducer associated with only one 
inhalation on this first puff.
The human smoking pattern is usually dissimilar to that used by 
the smoking machine, the puffs are larger and more frequent. 
Accordingly, an estimate of the tar, nicotine and CD delivered to the 
mouth of a smoker have been performed by a process of moment 
analysis. With a knowledge of the length of the tobacco rod, number 
of puffs (as with all the other machine measurements this is the mean 
from 30 cigarettes) and cigarette yields, the ccmputer was used to 
calculate time-weighted moments for machine and human smoking (a 
numerical example is given in Appendix 3). The calculated moments 
were then expressed as a ratio, used as a muliple for the cigarette 
yields, to estimate the delivery of these components to the mouth of 
the smoker.
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Analyses were performed by the Institute’s biochemist who 
developed the method of Curvall et al. (1982) to permit simultaneous 
extraction of nicotine and cotinine using a single extraction/sample 
concentration step. Nicotine and cotinine were extracted from the 
defrosted plasma samples into dichloromethane, under alkaline 
conditions. The samples were analysed simultaneously using internal 
standards (N-ethyl nor-nicotine bis-oxalate [Maybridge Chemical CO.] 
and lidocaine [Sigma Chemical CO.] for nicotine and cotinine 
respectively) using a gas chromatograph with nitrogen-phosphorus 
detector (Perkin Elmer model 8310, modified to a accept a fused- 
silica capillary column and incorporating an automated sample 
injector).
The method was validated by spiking plasma obtained from two 
non-smokers, Who had avoided exposure to cigarette smoke for at least 
48 hours, with known amounts of nicotine (5-100 ng/ml) and cotinine 
(50-1000 ng/ml). When the peak area ratios (ratio of the area under 
the nicotine or cotinine peak to the corresponding area of the 
internal standard) were compared with the amount added, the nicotine 
and cotinine measuring systems proved to be highly linear (r=0.996 
and 0.994 for nicotine and cotinine respectively, Figure 6.4). 
Multiple determinations of these compounds proved to be repeatable 
(Table 6.1; in all but the lowest nicotine concentration the 
coefficent of variation was less than 6% with slightly larger values 
for cotinine.
The smoking room.
In order to reduce effects of the monitoring process to an
Analysis of plasma.
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Figure 6.4
Comparison of added and measured amounts of nicotine (top 
panel) and cotinine (bottom panel) to establish the 
linearity of the gas chromatograph far these two ocnpounds. 
Mean + 1 SD.
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Table 6.1
Linearity and repeatability of measurements of nicotine and 
cotinine. 12 determinations at each level.
Added ng/ml Measured ng/ml
Nicotine Cotinine Nicotine Cotinine
Mean SD Mean SD
5 50 6.6 0.8 75 3.8
10 100 10.5 0.4 116 7.2
20 200 20.3 1.0 199 7.4
30 300 28.7 1.6 295 21.0
40 400 39.2 1.1 393 11.8
50 500 49.9 1.0 487 10.7
60 600 58.4 1.4 553 23.2
70 700 68.2 2.0 677 20.3
80 800 78.2 1.3 790 22.9
90 900 90.9 1.5 949 45.5
100 1000 102.2 3.2 1017 32.6
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absolute minimum, all studies were performed in a purpose built 
smoking room. This consisted of a converted office (3.2 m by 3.0 m 
with a 2.6 m ceiling) adjacent to the laboratory. Air conditioning 
maintained zero ambient CD levels, constant humidity and temperature. 
The room had a window and the furnishings were similar to a lounge- 
type environment. Subjects sat in an arm-chair and could read or 
listen to music whilst they smoked. The observer could see and 
communicate with the subject via a one-way mirror (mounted on the 
wall behind and to the left of the subject) and two-way intercom. All 
experimental apparatus was kept outside the smoking roan except for 
the cigarette holder and pressure transducers.
Study criteria and subjects used.
The age limits for these studies were 18 to 75 years and all 
subjects smoked at least 10 filtered cigarettes per day: their 
details, including cigarette consumption and yield are summarized in 
Appendix 4 and 5 for the three different investigations made in this 
chapter. All subjects used in the smoking studies were obtained 
within a 50 mile radius of the Institute; details of subject 
recruitment and the problems of using human volunteers in smoking 
research are given in Appendix 6. Apart frcm out-of-pocket expenses, 
subjects were not paid to take part in any of these smoking studies.
General protocol for smoking studies described in Chapters 6 and 7.
Six studies were performed, at intervals of 4 weeks. The 
subjects were asked to smoke the same brand of cigarette throughout 
the study period. Subjects were allowed to change to similar brands 
in the small number of cases where the original brand became 
unavailable. Subjects were asked not to smoke for at least one hour
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before visiting the laboratory and all studies were, as far as 
possible, performed at the same time of day and same day of the week. 
At visit 6, all non-low tar yield cigarette smokers were asked to 
switch to one of a choice of approximately 15 cigarettes which, on 
average, yielded 3 mg of tar less than their usual brand (see Chapter 
7 for details).
At each study, the following protocol was observed except on the 
first visit where no blood samples were taken. Instead, subjects were 
informed as to the nature of the study, and all gave their informed 
consent in writing which conformed to the ethical standards of the 
Institute. Subjects also answered the 1966 MRC questionnaire on 
respiratory symptoms; basic measurements of lung function (FEV FVC 
and their ratio) were made using a Vitalograph. On arrival at the 
laboratory, the brand of cigarette being smoked was confirmed and 
self-reported daily cigarette consumption were recorded. Pre-snoking 
measurements of alveolar 00, using a 20 s breath-hold, were collected 
and analysed as documented in Chapters 4 and 3.
With the subject sat in the smoking room, 20 ml of venous blood 
was then taken and analysed for HbOO (see Chapter 3). A cigarette was 
placed in one of 10 available cigarette holders (see below) and the 
subject was asked to take 3 puffs on the unlit cigarette. This 
allowed any faults in the monitoring system to be identified together 
with calculation of the draw pressure at a flow of 17.5 ml/s of the 
unlit cigarette. Subjects was asked to light their cigarette and 
smoke "as naturally as possible", and in particular to smoke as much 
or as little they felt inclined. When the subject had finished their 
cigarette they were instructed to place the butt in a supplied beaker 
of cardice, without squashing it, so that the maximum and minimum
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butt length (the distance between the overwrap and line of burning) 
could be measured to the nearest mm.
After smoking, a second blood sample was obtained, within 3-5 
minutes of the subject extinguishing the cigarette, followed by 
collection of a second breath-hold alveolar CO sample from which the 
alveolar 00 and HbCO boost (the difference between the post and pre­
smoking samples) were calculated. All blood samples were centrifuged 
at 3000 rpm for 10 minutes. The plasma was removed and stored at 
-20°C for later analysis of nicotine and cotinine.
Data analysis.
Raw and mean data for the measures of smoking behaviour and pre 
and post-smoking breath-hold CO and HbCO were transfered from the 
Kontron to an Apricot computer and put into a data base management 
system (dBase II and III) for subsequent analysis. The data files 
were updated when the plasma nicotine and cotinine values became 
available.
Quality control: Smoking behaviour.
917 cigarette holder calibrations were performed over a period 
of 849 days. The 50 and 20 ml syringes gave mean values of 49.5 and
20.0 ml with a standard deviation of 1.07 ml and 0.51 ml 
respectively. Pressure and flow head calibrations gave mean values of 
79.70 and 103.90 arbitrary units, with a standard deviation of 0.72 
and 3.01 respectively.
Quality control: Plasma nicotine and cotinine.
Quality control samples were prepared by adding nicotine and 
cotinine to bovine plasma, at three levels over the expected range,
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and frozen in 0.5 ml aliquots. These were than analysed to determine 
the actual concentration of nicotine and cotinine. The results are 
shown in Table 6.2. In a separate study 106 samples were analysed in 
duplicate, variability between duplicates was <1% for both nicotine 
and cotinine.
Table 6.2
Data from quality control study: Three levels of plasma 
nicotine and cotinine. Measurements made on 57 separate 
days.
Level Analyte Nominal amount Amount found n
ng/ml ng/ml
Mean SD
Low Nicotine 9 4.9 6.2 - 37
Cotinine 90 67.8 20.5
Medium Nicotine 30 25.0 10.3 57
Cotinine 300 237.0 46.9
High Nicotine 70 67.3 20.3 42
Cotinine 700 583.0 108.0
Although there was no underlying trend over the 57 days of 
measurement, nicotine and cotinine concentrations were somewhat below 
predicted levels which may be a result of a combination of at least 
three different effects:- 1. inaccuracies in the production of the 
nominal concentrations, 2. decay of samples whilst frozen or 3. 
changes in the gas chromatograph. Whilst samples can be prepared with 
an error of <1%, the supplied standards may not be so accurate, 
especially since cotinine is very hygroscopic (D Mariner, personal 
ccmmunication). Experience would suggest that time has little effect
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upon frozen samples of plasma nicotine and cotinine (C. Feyerabend, 
indirect personal communication), however, this needs to be 
investiagted further. Changes in the capillary column during the 57 
days of measurement may also lead to inaccuracies, however a more 
likely contender is a reduced bead sensitivity over this period.
Indices available for analysis.
Using the above methods there were a total of 24 variables 
available for analysis. 12 of these were direct measurements, 9 were 
derived values and the remaining 3 were supplied values of cigarette 
tar, nicotine and CD yield. Same of these indices are interrelated ie 
puff volume and pressure integral (provided the cigarette draw 
pressure at a flow of 17.5 ml/s remains constant) and estimated 
cigarette delivery. The following studies used an assortment of these 
variables and have been indicated as such. As a result of the 
conclusions drawn from Chapters 4 and 5, the boost in expired 00 has 
not been considered.
Comparison of data from the present study with published values.
As a prelude to comparing measures of smoking between sexes, the 
values obtained were compared with published values. Measures of 
expired 00, HbOO and plasma cotinine were similar to reported values 
(Russell et al. 1980, McBride et al. 1984 and Woodman et al. 1986). 
Pre-smoke plasma nicotine tended to be lower than reported values, 
probably a result of the observations reported in the quality control 
section and that subjects were asked not to smoke for at least one 
hour before the test. The plasma nicotine boost was similar to that 
reported by Herning et al. (1983), and the change in HbOO was similar 
to that documented in Chapter 5.
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On average subjects smoked in excess of one packet of cigarettes 
per day, similar to that reported by Battig et al. (1982) and Russell 
et al. (1986). Basic measurements of smoking behaviour (puff number, 
puff duration, puff interval and puff volume) were essentially 
comparable to those described in the literature (Comer and Creighton 
1978, Rawbone et al. 1978, Battig et al. 1982, Tobin and Sackner 
1982, Adams et al. 1983, McBride et al. 1984 and Woodman et al. 
1986). However, total puff volume was much larger than that 
documented by Corner and Creighton (1978) but similar to that reported 
by Woodman et al. (1986), while total smoke duration was similar to 
previously published work (Corner and Creighton 1978 and McBride et 
al. 1984). Compared to the work of Battig et al. (1982), larger peak 
pressures were reached later in the puff in the present study. The 
subjects may therefore be puffing harder on the cigarettes which 
would account for the slightly larger puff volumes recorded.
Cotinine has a relatively long half-life (16-20 hours depending 
upon the studies cited); accordingly pre and post-smoking cotinine 
values were compared in 110 subjects using a paired t test. There was 
no significant difference between pre and post-smoking cotinine 
samples (difference = -4.0 ng/ml, t=-0.63 p>0.05), therefore mean 
cotinine ((pre + post)/2) was used throughout this study.
Study 1:
Comparison of smoking behaviour and smoke uptake between sexes.
Introduction and methods.
There are relatively few reports of differences in smoking 
behaviour and smoke uptake between males and females. In view of
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this, a similar comparison has been performed using the subjects on 
their second visit. There were originally 118 subjects at this stage 
of the study, however, 8 subjects were excluded mainly because they 
were unwilling to give blood samples leaving 110 subjects (45 male, 
65 female). In those subjects who gave blood sanples, but where (due 
to technical reasons) plasma nicotine and/or cotinine values were 
unavailable, measurements of smoking obtained frcm visit 3 were used. 
Many of the variables were not normally distributed and could not be 
transformed to a normal distribution. Therefore all data were 
analysed using the non parametric Mann-Whitney test. An estimate of 
tar, nicotine and CO delivery has been expressed as the ratio of 
human and machine moment analysis.
Results.
Men were on average younger (-8 years), and as expected taller 
(+0.14 m) and heavier (+18.3 kg) than women. There were no 
significant differences in draw characteristics, tar, nicotine and 00 
yield or the number of cigarettes smoked per day (Table 6.3.1). Men 
had significantly larger puff volume (Table 6.3.1), total puff 
volume, maximum flow (Table 6.3.2) and peak pressure (Table 6.3.2). 
This latter difference indicated that men were puffing harder on the 
cigarette, confirmed by the larger pressure integral (Table 6.3.1). 
Males also showed a greater latency of peak pressure (Table 6.3.2). 
These differences resulted in a greater estimated delivery of tar 
nicotine and CO to the male smoker eventhough men and women left 
similar amounts of unburnt tobacco (Table 6.3.2).
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Table 6.3.1
Comparison, using Mann-Whitney test, of measures of smoking 
between men and women. NS = non significant, * = p<0.05, ** 
= p<0.01, *** = p<0.001. Mean, + SD and median. Conversion 
traditional to SI units: 1.62 ng/ml = 10 nmol/1, 10 cm H20 = 
1 kPa.
Men
(n=45)
Women
(n=65)
Sig.
level
Mean SD Median Mean SD Median
Pre-smoke FA,00 29.5 10.9 30.0 28.5 13.1 25.6 NS
(Bh1) ppm
Pre-smoke HbCO 5.2 2.2 5.2 5.1 2.6 4.7 NS
Pre-smoke plasma 17.8 12.6 16.9
nicotine ng/ml
16.7 12.3 15.5 NS
Tar yield 
mg
00 yield 
mg
Cigarettes 
per day
Puff number
14.6 2.3 14.8 13.7 3.3 15.0 NS
Nicotine yield 1.3 0.2 1.3
mg
14.3 2.3 14.8
25.4 11.2 23.0 
13.6 4.0 13.0
1.2 0.3 1.3 NS
13.5 3.0 14.8 NS
23.4 9.3 20.0 NS
14.4 4.4 14.0 NS
Puff interval 33.0 13.0 32.0 
s
33.6 13.6 14.0 NS
Puff volume 
ml
56.7 15.2 54.1 45.0 12.6 44.1 ***
Pressure integral 46.3 13.4 42.9 36.1 11.4 34.4 ***
cm  H 2 0  s
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Table 6.3.2
Comparison, using Mann-Whitney test, of measures of smoking 
between men and women. NS = non significant, * = p<0.05, ** 
= p<0.01, *** = p<0.001. Mean + SD and median. Conversion 
traditional to SI units: 1.62 ng/ml = 10 nmol/1, 10 cm.H20 = 
1 kPa.
Men
(n=45)
Women
(n=65)
Sig.
level
Mean SD Median
Puff duration 2.3 0.7 2.1
s
Maximum flow 45.1 11.2 45.6
ml/s
Mean SD Median
2.0 0.6 2.0 NS
40.4 11.2 38.7 **
Peak pressure 38.3 12.2 37.5 32.6 10.1 30.8 **
cm H20
Latency of peak 0.78 0.39 0.67
pressure s
Estimated/ 
Machine 
yield ratio
HbOO boost 
%
1.39 0.49 1.26
1.09 0.42 1.10
Plasma nicotine 12.3 13.7 11.4
boost ng/ml
Mean cotinine 351.0 170.0 315.7
(pre+post)/2
ng/ml
Total smoke 404.7 82.7 405.8
duration s
Total puff 752.7 246.0 727.1
volume ml
0.61 0.34 0.57 ***
1.19 0.42 1.19 *
1.21 0.61 1.20 NS
11.1 10.5 10.8 NS
330.0 155.0 313.0 NS
440.6 100.3 441.0 NS
624.6 204.0 616.8 **
P17.5 14.4 2.1 13.3
cm H20
Butt length mm 6.0 4.0 6.0
14.0 1.9 12.9 NS
6.9 5.2 6.5 NS
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In general these results compare well with those cited in the 
literature survey (Chapter 2). Although this study used different 
numbers of male and female subjects, since there were no significant 
differences in draw pressure at a flow of 17.5 ml/s or cigarette 
yield, the two groups were well matched for the type and number of 
cigarettes smoked.
There were no significant differences in the conventional 
measures of smoke uptake as measured by expired CO, HbCO, plasma 
nicotine and cotinine, between the two sexes. Men, however, generated 
significantly more smoke (as indicated by the 18% increase in puff 
volume, Table 6.3.1) an observation supported by the estimated ratio 
yield difference (Table 6.3.2). Whether men had a greater smoke 
intake is difficult to say since they may waste more smoke via irouth 
spill. On further analysis the difference in puff volume was lost 
when puff volume was normalized for body size (puff volume/height 
cubed, [Cotes 1979], t=-0.15 p>0.05), suggesting that smoke 
generation in relation to body size was not significantly different 
between males and females. The significantly larger (+25%) pressure 
integral (a function of the work of puffing) measured in the male 
population indicates that they puff harder on their cigarettes.
Although men attained a significantly greater peak pressure 
(+18%, Table 6.3.2), this value was reached earlier in women. Since 
the majority of smokers adopt an "early triangle" form of puffing (a 
rapid onset of flow followed by a subsequent decline), these results 
suggest that this profile is more pronounced among women smokers.
Discussion.
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The sex difference in puff volume is an important observation 
since in the interrelationship section of this chapter (Study 3), 
comparisons are to be performed not on all the subjects combined, but 
according to whether the subjects are male or female.
Study 2: Reproducibility of measurements of smoking.
Introduction.
The literature suggests that measurements of smoking behaviour 
are likely to be affected by the measuring process, resulting in a 
more intensive smoking pattern. Such influenecs can be kept to an 
absolute minimum by use of a purpose-built smoking room, however it 
is necessary to ascertain whether measurements of smoking are 
reproducible when experimental conditions remain constant.
Methods.
81 subjects completed the first part of the general protocol 
involving six visits to the laboratory spaced approximately four 
weeks apart. The purpose of visit 1 was to introduce the subject to 
the aims of the study and to familiarize the participant with the 
methods used to measure smoking behaviour, accordingly no blood 
samples were taken. This first visit was therefore taken to be an 
acclimatisation visit and not included in any variability analysis.
Seven subjects were excluded from this analysis since they 
either changed to a dissimilar brand of cigarette during the study, 
occasionally rolled their own cigarettes or had admitted were 
actively reducing their cigarette consumption. As in study 1, many of 
the variables were not normally distributed and could not be
Conclusions.
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successfully transformed. Accordingly, indices were analysed using 
Friedman's two-way analysis of variance to test for between-visit 
variability. Trends in the measurements were also examined using 
Page's L trend test (two-tailed, Page 1963). Comparison of the 
expected sample rank means with the actual sample rank means 
(allowing for the variation in the data) produced a value of Z: a 
positive value indicating that the sample increases with visit 
number, a negative value indicating a fall with visit number.
Results.
Visit-by-visit means (+ SD) for measurements of smoking are 
given in Table 6.4.1 and 6.4.2; the mean + SD and median of the 
variables obtained using 74 subjects on 5 occasions are shown in 
Table 6.5 while selected results from the anlaysis of variance are 
shown in Table 6.6. There was a large range in the measurements of 
smoking. For instance there was a 18-fold difference in pre-smoke 
FA,CO (Bh') whilst pre-smoke plasma nicotine values ranged from 
undetectable to 89 ng/ml and mean cotinine ranged from 29-907 ng/ml. 
The number of cigarettes smoked per day ranged from 10-60, the 
smallest puff volume was 12 ml, the largest 106 ml. Puff number 
ranged from 6 to 29 puffs per cigarette with a range in total puff 
volume from 205-1503 ml. Puff duration and puff interval also shewed 
wide variation:- 0.8 s to 4.9 s and 10.5 s to 95.1 s respectively. 
The cigarettes smoked by the subjects ranged from low to middle tar 
yield products. Tar, nicotine and CO yield ranged from 4.2-16.9 mg, 
0.51-1.53 mg and 5.2-17.7 mg respectively. Only CO yield showed 
significant between visit variation (H = 16.31, p<0.01), however, 
nicotine and 00 yield showed an upward trend during this period (Z =
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Table 6.4.1
Mean (+ SD) for each of the measures of smoking made on 5 pre­
switch visits. n=74
Visit number 2 3 4 5 6
Pre-smoke FA, CD 
(Bhf) ppm
29.1
12.9
27.8
11.7
27.0
11.9
27.8
11.8
26.7
11.5
Pre-smoke HbCO 
%
5.3
2.4
5.2
2.2
5.0
2.3
5.2
2.2
5.0
2.2
Pre-smoke plasma 
nicotine ng/ml
17.1
12.3
18.8
14.6
21.1
15.9
19.3
12.3
17.8
13.1
Tar yield mg 13.7
3.1
13.7
3.1
13.5
3.1
13.6
3.2
13.5
3.2
Nicotine yield mg 1.21
0.27
1.21
0.27
1.21
0.27
1.21
0.27
1.21
0.27
CD yield mg 13.5
2.9
13.6
2.9
13.5
2.9
13.6
3.0
13.7
2.9
Cigarettes/day 24.8
11.2
23.8
9.9
23.6
9.8
25.1
10.6
24.2
10.8
Puff number 14.3
4.0
14.9
4.3
14.9
4.1
14.7
4.0
14.6
4.1
Puff interval s 33.4
13.6
32.1
12.9
32.6
14.5
32.2
13.5
33.1
13.6
Puff volume ml 47.8
15.1
46.2
14.8
45.2
14.0
46.2
16.2
45.0
14.8
181
Table 6.4.2
Mean (+ SD) for each of the measures of smoking made on 5 pre­
switch visits. n=74
Visit number 2 3 4 5 6
Puff duration s 2.1 2.0 2.0 2.1 2.0
0.7 0.6 0.6 0.6 0.6
Peak pressure 33.2 32.7 32.3 32.7 32.5
cm H20 10.3 10.7 11.0 11.3 11.6
Latency of peak 0.70 0.69 0.69 0.69 0.68
pressure s 0.35 0.36 0.33 0.33 0.33
HbCD boost % 1.09 1.15 1.09 1.07 1.070.56 0.52 0.55 0.55 0.54
Plasma nicotine 12.1 17.4 12.7 15.4 12.8boost ng/ml 12.0 17.3 14.4 15.4 11.9
Mean cotinine 355.2 362.7 363.4 356.4 340.6(pre+post)/2 ng/ml 171.8 157.4 150.1 156.7 166.3
Total puff 666.8 665.4 649.0 659.7 635.9
volume ml 237.6 220.3 194.7 224.9 215.5
P17.5 14.0 14.0 14.3 13.9 14.2
cm H20 1.8 2.0 1.9 2.1 2.1
Mean butt 6.2 5.8 6.5 6.3 6.3length mm 4.7 4.6 5.9 4.6 4.8
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Table 6.5
Mean + SD and median (n=74) of indices used in the study 
investigating variability of measures of smoking using 74 
subjects on 5 occasions. Conversion traditional to SI units: 
1.62 ng/ml = 10 nmol/1, 10 cm H20 = 1 kPa.
Mean SD Median
Pre-smoke FA,00 
(Bh1) ppm
27.7 10.8 27.5
Pre-smoke HbOO % 5.1 2.0 4.9
Pre-smoke plasma 
nicotine ng/ml
18.8 9.8 18.6
Cigarettes per day 24.3 9.9 21.2
Puff number 14.7 3.8 14.2
Puff interval s 32.7 12.6 30.0
Puff volume ml 46.1 14.2 44.2
Puff duration s 2.0 0.6 2.0
Peak pressure 
cm H20
32.5 10.3 31.7
Latency of peak 
pressure s
0.69 0.33 0.62
HbOO boost % 1.10 0.48 1.20
Plasma nicotine 
boost ng/ml
14.0 8.2 13.0
Mean cotinine 
(pre+post)/2 ng/ml
354.4 144.7 351.5
Total puff 
volume ml
655.4 201.6 638.5
P17.5 
cm H20
14.0 1.5 14.1
Mean butt length 
mm
6.3 5.0 5.5
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reflected in the wide range of increased concentration of markers of 
tobacco smoke uptake: the boost in HbCO and plasma nicotine ranged 
from -0.35-2.6 % and -62.5-67.8 ng/ml respectively.
Although the data are not normally distibuted the variability of 
these indices was compared by ranking the calculated coefficient of 
variation (calculated using the mean value for visits 2-6 for each 
index). The most variable measurement was the mean butt length 
(79.3%) followed by the boost in plasma nicotine (58.5%) and the pre­
smoke plasma nicotine concentration (52.1%). The other measures of 
smoking had similar levels of variability (30-50%). The lowest 
coefficient of variation was for the cigarette draw pressure at a 
flow of 17.5 ml/s (10.7%).
In Table 6.6, between-session differences were only significant 
for pre-smoke FA,CO (Bh1) (p<0.05) and puff volume (pCO.Ol). The 
effects of time for pre-smoke FA,CO (BhT), pre-smoke plasma nicotine 
and mean plasma cotinine are shown in Figure 6.5, cigarettes per day, 
puff volume and puff duration in Figure 6.6 and HbCO boost and plasma 
nicotine boost in Figure 6.7. In only one case was there any 
significant trend in the data with visit number; mean puff volume 
became significantly smaller (p<0.001).
Discussion.
The results from this study confirm those published in the 
literature, that although there is large between-sub j ect variability 
in measurements of smoking (Adams et al. 1983, McBride et al. 1984 
and Woodman et al. 1986), these indices are consistent with time 
despite the unusual test conditions (Henningfield and Griffiths 1979,
2.63 p<0.01, Z = 3.59 pCO.Ol respectively). These results were
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Between-session variability of measures of smoking 
behaviour and smoke uptake using Friedman’s two-way analysis 
of variance and Page's L trend test. n=74, 5 occasions, NS =
Table 6.6
non significant, * = p<0.05, ** = p<0.01, *** = p<0.001.
Between--sessions Trend
H Sig. Z Sig.
Pre-smoke FA, CD 
(Bh') 10.58
* -1.93 NS
Pre-smoke HbCD 5.89 NS -1.91 NS
Pre-smoke plasma 
nicotine
7.56 NS 0.09 NS
Cigarettes/day 4.95 NS 0.38 NS
Puff number 8.11 NS 0.80 NS
Puff interval 3.03 NS -0.70 NS
Puff volume 14.01 ** -3.42 ***
Puff duration 1.23 NS -1.04 NS
Peak pressure 2.73 NS -0.86 NS
Latency of peak 
pressure
0.21 NS -0.08 NS
HbCD boost 4.94 NS -1.33 NS
Plasma nicotine 
boost
5.94 NS -0.18 NS
Mean cotinine 2.74 NS -1.19 NS
Total puff 
volume
3.85 NS -1.67 NS
P17.5 3.92 NS 0.71 NS
Mean butt length 2.50 NS 1.15 NS
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Figure 6.5
Mean values (+ 1 SEM) of pre-smoke alveolar OO (hop panel), 
plasma nicotine (middle panel) and mean plasma cotinine 
(lower panel) for 74 subjects measured on 5 occasions.
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Battig et al. 1983, and Gust et al. 1983). The significant trends in 
nicotine and 00 yield probably represent revised yield data in the 
latter part of the study, however, it may take up to 6 months for 
such changes to appear in the shops and will therefore not be 
discussed further in this thesis. It has been reported that compared 
with the natural situation, smokers tend to take a larger number of 
puffs (Comer and Creighton 1978). Results frcm the present study seem 
to confirm this, however, a fall in puff number with increasing visit 
number was expected as the subject became accustom to the laboratory 
procedure. Since no such trend was seen in the present study, it 
would seem that the attention paid to creating a smoking environment 
which would least affect the subjects smoking behaviour has been 
successful. The fall in mean puff volume with visit number, although 
significant (Figure 6.6) was relatively small (<3 ml). Although the 
cigarette holder has a very small dead space, less than 3% of the 
mean puff volume, and the resistance to flow through the holder (as 
measured by the pressure drop across the orifice at a flow rate of
17.5 ml/s) was less than 3% of the mean cigarette draw pressure at 
the same flow rate, it seems that the subject needs around 3 
"control" visits to the laboratory in order to establish baseline 
readings. This is an important observation which needs to be 
incorporated into the design of future studies on smoking using these 
methods.
The wide range in the magnitude of measurements of smoking 
behaviour was probably attributable to the different smoking styles 
adopted. For example, although the "early triangle" puff profile was 
predominant in smokers, the "late triangle" was seen in some subjects 
in this study. These differences coupled with the range of cigarette
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Figure 6.6
Mean values (+ 1 SEM) of puff volume (top panel), puff
duration (middle panel) and cigarettes per day (lower panel)
for 74 subjects cn 5 occasions.
yields and different degrees of inhalation and breath-holding between 
subjects during smoking will result in a wide variation in the levels 
of markers of tobacco smoke uptake measured in the blood. The high 
coefficient of variation for the boost in plasma nicotine indicates 
that the blood levels are more related to uptake and clearence 
(affected by distribution and half-life, Armitage 1978) than the 
actual dose of nicotine. If the boost in plasma nicotine is to be 
used it may be necessary to use a fixed smoking pattern (ie one puff 
of fixed volume and duration every minute for 10 minutes) followed by 
collection of blood at a fixed time after the last puff.
The analysis performed in this study omits data from visit 
number 1 as this was taken to be a familiarization study. When 
comparing visit 1 data with that obtained from visit 2 (using the 
Mann-Whitney test) measures were usually smaller on visit 1, The only 
significant difference between the two visits was for pre-smoke 
expired CO (visit 1 = 23.3 ppm, visit 2 = 29.1 ppm, pCO.OOl). 
Subjects were asked to refrain from smoking for at least 1 hour 
before visiting the laboratory, thus it would appear that subjects 
were either smoking fewer cigarettes on their first visit or that 
they were less abstemious on their second and subsequent visits. As 
discussed in Chapter 5, subjects should not be allowed to smoke for 
at least half an hour before each study.
Conclusions.
These observations question the use of expired 00, on a one-off 
basis, to assess current smoking habits. If the subjects are 
unfamiliar with the laboratory, smoke exposure as measured using 
expired CO may be underestimated through the subjects own willingness
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Figure 6.7
Mean values (+ 1 SEM) of HbCO boost ( top panel) and plasma 
nicotine boost (bottom panel) far 74 subjects cn 5 occasions.
190
to comply with the study. Thus smoke markers with a longer half-life 
such as cotinine may prove to give a more accurate picture of recent 
smoke exposure. However, cotinine gives little information as to 
smoking within the last few hours. This study has shown that, except 
for expired CO and puff volume, measurements are consistent and no 
more than 3 visits to the laboratory are necessary to establish 
baseline levels. Although plasma nicotine has been used extensively 
in smoking research, these results show that pre-smoke plasma 
nicotine and the boost in plasma nicotine on smoking are very 
variable, an observation which may limit the use of these 
measurements unless the time of sampling is carefully controlled.
Study 3: Interrelationships between measures of smoking behaviour and 
smoke uptake.
Introduction.
Numerous studies have reported the interrelationships between 
measurements of smoking and have concentrated mainly on comparing 
yields with smoke uptake (Jaffe et al. 1981, Hill et al. 1983 and 
Russell et al. 1986) or smoking behaviour (Epstein et al. 1982, Gust 
et al. 1983 and Moody 1984). However, there are few studies ccmparing 
measurements of smoking behaviour and smoke uptake in the same 
subject (Sutton et al. 1982 and Herning et al. 1983). In view of the 
different measures of smoking behaviour and smoke uptake obtained in 
the present study, although not the main aim of this thesis, it was 
felt that a short digression was appropriate in order to give some 
insight into the relationships between these measures of smoking.
The aim of this study was to compare commonly used measurements 
of smoking behaviour and smoke uptake and to relate these
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Mean + SD and median for indices used in the study of 
interrelationships between measures of smoking. Conversion 
traditional to SI units: 1.62 ng/ml = 10 nmol/1, 10 cm H20 = 
1 kPa.
Table 6.7
Men Women
(n=39) (n=42)
Pre-smoke HbOO % 5.0 2.2 5.0 5.3 2.2 5.3
Pre-smoke plasma 
nicotine ng/ml
16.1 10.8 16.9 19.0 12.5 19.9
Tar yield mg 15.3 1.2 15.2 15.5 1.2 15.4
Nicotine yield mg 1.3 0.2 1.4 1.4 0.1 1.4
00 yield mg 15.0 1.5 12.1 15.1 1.4 14.8
Cigarettes/day 25.0 10.4 23.0 23.1 8.3 20.0
Puff number 13.0 3.5 13.0 14.0 4.2 14.0
Puff interval s 33.9 11.8 32.5 34.9 14.0 32.1
Puff volume ml 58.1 15.5 56.0 45.0 12.0 44.3
Puff duration s 2.3 0.7 2.1 2.0 0.5 2.0
Peak pressure 
cm H20
39.9 12.0 38.3 31.7 8.7 30.6
Latency of peak 
pressure s
0.79 0.42 0.70 0.65 0.39 0.58
HbOO boost % 1.14 0.42 1.20 1.31. 0.60 1.40
Plasma nicotine 
boost ng/ml
13.0 14.3 11.8 13.0 11.6 12.2
Mean cotinine
(pre+post)/2
ng/ml
346.8 160.1 315.7 354.7 136.1 347.9
Total smoke 
duration s
408.2 74.8 405.8 443.5 100.2 443.6
Total puff 
volume ml
743.9 244.5 688.6 610.8 191.4 599.5
P17.5 
cm H20
14.6 2.1 14.6 14.2 1.9 14.2
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Methods.
The measurements of smoking behaviour and smoke uptake used for 
this analysis were obtained from visit 2 of the general smoking 
protocol. Where blood measurements were unavailable, measurements of 
smoking behaviour and smoke uptake obtained from visit 3 were used 
(if available). Certain subjects were excluded from the study, these 
include self-reported non-inhalers (as ascertained using the M.R.C. 
questionnaire), people who smoked menthol cigarettes and subjects who 
smoked roll-up cigarettes in addition to filter cigarettes. Following 
the results from study 1 in this chapter, data were separated 
according to sex before analysis. Examining the yields of cigarette 
smoked in each group showed that the male group contained 5 low tar 
smokers, opposed to 15 low tar smokers in the female group. In view 
of the unbalanced numbers of low tar cigarette smokers, these 
subjects were removed from the data base leaving 81 subjects (39 male 
and 42 female).
When the distribution of data were analysed it was found that 
some indices were normally distributed, others could be transformed 
to a normal distribution whilst others could not. Accordingly the 
data would have to be analysed using a mixture of parametric and non 
parametric methods. This problem was compounded since indices 
normally distributed in males were not so in females, and vice versa. 
In view of these observations the data were analysed using the non 
parametric Spearman rank order correlation analysis throughout.
Results.
Females were older, shorter, and lighter than males, however,
observations to published work.
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both sexes smoked approximately the same number of cigarettes of 
similar yield. Mean data, separated by sex for selected indices are 
presented in Table 6.7. Maximum flow and integrated pressure were 
represented by peak pressure and puff volume respectively since both 
male and female groups smoked cigarettes with a similar draw 
pressure at a flow of 17.5 ml/s. HbCO was documented rather than 
expired CO. Estimated cigarette deliveries were examined but not 
included in the main results since they are derived from the yield 
and measures of smoking behaviour. Since the data were analysed 
according to sex, males and females are represented on all figures 
using triangles and squares respectively.
All indices were compared with each other producing a total of 
153 correlations for each sex and have been presented as a 
correlation matrix in Table 6.8 for men and Table 6.9 for women.
This analysis yielded a tremendous amount of information, 
therefore discussion of these results has been restricted and looks 
at the following relationships: 1. laboratory based measurements of 
smoking behaviour (Table 6.10.1), 2. smoking behaviour and smoke 
uptake measures based on one cigarette (Table 6.10.2), 3. single 
cigarette uptake measures (Table 6.10.3), 4. smoke markers 
representing the non-laboratory situation (Table 6.10.4) and 5. the 
relationships between data obtained in the laboratory and natural 
setting (Table 6.10.5).
On comparing relationships between measures of smoking behaviour 
obtained in the laboratory (Table 6.10.1), puff volume and duration 
were significantly correlated in both sexes. Only in women was there 
a significant inverse relationship between puff volume and puff
195
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number. There was a positive correlation between puff volume and peak 
pressure, however this was only significant in women.
Table 6.10.1
Correlation coefficients expressing the relationships 
between smoking behaviour measures (ie those obtained during 
laboratory smoking). 39 men and 42 women, * p<0.05, ** 
pCO.Ol, *** pCO.OOl.
Men Women
Puff volume v puff duration 0.61 0.66^
Puff volume v puff number -0.28 -0.36^
Puff volume v peak pressure 0.20 0.45
Puff volume v latency of peak pressure -0.30 -0.14
Puff volume v puff interval 0.18 0.01
When smoking behaviour and uptake measures were examined (Table
6.10.2) there was no significant correlation between puff volume and 
nicotine boost in either sex, however, puff number and total puff 
volume (Figure 6.8, top panel) were significantly correlated with the 
plasma nicotine boost in men but not women. In fact there was a 
negative correlation between total puff volume and nicotine boost in 
women (Figure 6.8, bottom panel). The picture was reversed when total 
puff volume was compared with the HbOO boost, there was a significant 
positive correlation in women but not men (Figure 6.9).
Table 6.10.2
Correlation coefficients expressing the relationships 
between smoking behaviour measures and smoke uptake measures 
based upon a single cigarette. 39 men and 42 women, * 
pC0.05, ** pCO.Ol, *** pCO.OOl.
Puff volume v nicotine boost 
Total puff volume v nicotine boost 
Puff number v nicotine boost
Puff volume v HbOO boost 
Total puff volume v HbOO boost 
Puff number v HbOO boost
Men Women
0.23.. -0.06
0-58::0.42
-0.09
0.05
0.21 °*22**0.450.24
0.01 0.25
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Figure 6.8
Scatter plot of total puff volume against plasma nicotine 
boost per cigarette, separated for men (top panel, 
triangles) and women (bottom panel, squares)
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Investigating the relationship between the boost in plasma 
nicotine and HbCO on smoking showed no significant correlation 
between these two indices (Table 6.10.3).
Table 6.10.3
Correlation coefficients expressing the relationship between 
single smoke uptake measures. 39 men and 42 women, * p<0.05,
** p<0.01, *** pCO.OOl.
Comparing the relationships between the smoke markers 
representing non-1 aboratory smoking showed many significant 
relationships (Table 6.10.4). Whilst there was no significant 
relationship between cigarette consumption and pre-smoke plasma 
nicotine concentration, cigarette consumption and pre-smoke HbCO 
were significantly correlated in both sexes (Figure 6.10), as 
were cigarette consumption and mean plasma cotinine (Figure 6.11). 
Plasma cotinine was also significantly correlated with pre-smoke 
plasma nicotine and HbOO in both males and females. Pre-smoke plasma 
nicotine and HbCO were significantly correlated in both sexes.
Table 6.10.4
Correlation coefficients expressing the relationships 
between smoke uptake markers representing the non-laboratory 
situation. 39 men and 42 women, * p<0.05, ** p<0.01, *** 
p<0.001.smoke
Men Women
Nicotine boost v HbOO boost 0.27 0.13
Men Women
Cigarette consumption v pre-smoke nicotine 0.21^^ 0.20^
Cigarette consumption v pre-smoke HbOO 0.61^ 0.45^ .
Cigarette consumption v cotinine 0.38 0.38
Cotinine v pre-smoke nicotine 
Cotinine v pre-smoke HbOO
Pre-smoke nicotine v pre-smoke HbOO 0.48 0.47
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Figure 6.9
Scatter plot: of total puff volume against HbCO boost per 
cigarette, separated for men (top panel, triangles) and 
women (bottom panel, squares)
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Finally, the relationship between laboratory smoking and natural 
smoking were compared (Table 6.10.5). This comparison showed no 
significant relationship between these measures in either sex.
Table 6.10.5
Correlation coefficients expressing the relationships 
between laboratory smoking and natural smoking data. 39 men 
and 42 women, * p<0.05, ** p<0.01, *** pCO.OOl.
Men Women
Total puff volume v cotinine 0.04 -0.02
Total puff volume v pre-smoke HbCO 0.17 0.06
Puff number v cotinine 0.03 0.04
Puff number v pre-smoke HbCO -0.01 -0.24
HbCO boost v pre-smoke HbOO 0.14 0.09
Nicotine boost v cotinine 0.22 0.01
Discussion.
The aim of this study was to look at the interrelationships 
between measures of smoking behaviour and smoke uptake separated for 
sex. However, these results were obtained only from non-low tar yield 
cigarette smokers. As was expected, the cigarette tar, nicotine and 
CO yields were highly correlated with each other, confirming 
published work (Battig et al. 1982 and Sutton et al. 1982).
The significant correlations between total smoke duration and 
puff interval, total puff volume and puff number and puff volume and 
the negative correlation between total puff volume and puff interval 
were expected since derived values were being analysed. It was not 
surprising to see the negative relationship between puff interval and 
puff number and the positive relationship between cigarette draw 
pressure at 17.5 ml/s and peak puff pressure, since an increased 
resistance to flow may result in more effort being applied to draw
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Cigarettes per day
Figure 6.10
Scatter plot of the number of cigarettes smoked per day 
against pre-smoke HbCO, separated for men (top panel, 
triangles) and women (bottom panel, squares).
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gas through the cigarette. The negative relationship between puff 
duration and puff number confirms the non-invasive studies performed 
by Lichtenstein and Antonuccio (1981).
Study 1 showed that males took significantly larger puffs 
compared with females. This is partly due to a longer puff duration, 
but men also puff harder, attaining a greater peak puff pressure. 
However, in this study, only females showed a significant correlation 
between peak puff pressure and puff volume (r=0.45 p<0.01). This may 
be attributable to greater data variation in the male group.
The present study concentrated on five distinct comparisons:- 1. 
laboratory based measurements of smoking behaviour, 2. smoking 
behaviour and smoke uptake measures based on one cigarette, 3. single 
cigarette uptake measures, 4. smoke markers representing the non­
laboratory situation and 5. the relationships between data obtained 
in the laboratory and natural setting. The significant relationship 
between puff volume and puff duration has been reported before 
(Epstein et al. 1982), and is of practical use since puff volume 
could be measured without the use of a cigarette holder if puff 
duration could be estimated from video records. However, the 
significant correlation between puff volume and duration has to be 
viewed with caution since only 44% of the variation in the data could 
be explained by the relationship between these two variables.
Total puff volume is a useful measurement to relate to the 
conventional markers of smoke uptake since, being a derived value, it 
incorporates many aspects of smoking behaviour (ie puff volume, puff 
number and puff interval). This measurement was therefore compared 
with the rise in HbOO and plasma nicotine on smoking. The significant 
correlation between total puff volume and plasma nicotine boost seen
203
Cigarettes per day
Figure 6.11
Scatter plot of the number o f cigarettes smoked per day 
against mean plasma cotinine, separated far men (top panel, 
triangles) and women (bottom panel, squares).
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in males was not seen in females, in fact there was a negative 
correlation between the two variables (Figure 6.8, bottom panel). 
However, the picture was reversed when total puff volume was 
correlated with the rise in HbCO, significant in females but not in 
males (Figure 6.9). These observations were seen despite negligable 
sex differences in the plasma nicotine and HbCO boost on smoking 
(Table 6.6).
When conparing the relationships between data it is essential to 
have a similar range of data; when these conditions are not met 
significant relationships may be a correlation artefact. Examination 
of the male data given in Figures 6.8 and 6.9 shows two data points 
where total puff volume was greater than 1200 ml and Figures 6.10 and
6.11 have two data points representing pre-smoke HbCO and mean plasma 
cotinine at a consumption of more than 40 cigarettes per day. In 
order to produce a similar range of data, these points were removed 
and the analysis repeated. Even when the range of the data were 
comparable, the opposite relationships between total puff volume and 
HbOO boost and total puff volume and plasma nicotine boost remained. 
The smaller number of observations had little effect on the 
significant relationship between total puff volume and plasma 
nicotine boost (Figure 6.8, r=0.58 pCO.OOl, n=39; r=0.50, n=36) and 
total puff volume and HbCO boost (Figure 6.9, r=0.24, n=39 non 
significant; r=0.11, n=36), cigarette consumption and pre-smoke HbOO 
(Figure 6.10, r=0.61, n=39 pCO.OOl; r=0.54, n=36), however, the 
correlation coefficient calculated between cigarette consumption and 
plasma cotinine (Figure 6.11) fell from r=0.38 (pC0.05) to an 
insignificant r=0.25.
Further evidence of a sex difference between total puff volume
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and plasma nicotine and HbCO boost comes from the correlations 
derived using the estimated deliveries of nicotine and CO. The HbOO 
boost was highly correlated with CO delivery in women (r=0.51 
pCO.OOl) but just failed to reach significance at the 5% level in men 
(r=0.31). Conversely the nicotine boost was highly correlated with 
nicotine delivery in men (r=0.48 pCO.Ol) but not women (r=-0.01). 
Although women had a smaller estimated nicotine delivery, the 
increase in plasma nicotine was likely to be similar to men since 
Study 1 of this chapter showed no difference in smoke uptake in 
relation to body size.
Variation in the amount of waste smoke (mouth spill) may also 
have interfered with the relationships between smoke generation and 
uptake measures. However, this factor is unlikely to explain why 
there was a significant relationship between total puff volume and 
the nicotine boost in males but not females. If this was caused by 
more mouth spill in females, similar patterns for the HbCO boost 
would be expected, however, the reverse occurred. As both 00 (Guyatt 
et al. 1981) and nicotine (Zacny et al. 1987) require inhalation to 
obtain significant blood levels, it is difficult to reconcile these 
results in terms of gross inhalation differences.
The problems involved in using plasma nicotine have been 
discussed in Study 2 of this chapter and are applicable to many of 
the results in this thesis. Plasma nicotine concentrations fall 
rapidly following smoking and the timing of blood collection is 
critical. However, since blood samples were collected 3-5 minutes 
after smoking, it is unlikely this result is attributable to more 
precise timing of blood collection in one sex compared with the
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other.
The significant correlation between cigarette consumption and 
pre-smoke HbOO (Figure 6.10) and cotinine (Figure 6.11) confirms many 
previous studies (for example Benowitz et al. (1983a), Hill et al. 
(1983), Pojer et al. (1984) and Bridges et al. (1986) for cotinine 
and Torbati et al. (1974), Vesey et al. (1982) and Vanuxem et al. 
(1983) for HbOO). However at best, only 37% of the variation between 
measurements of cigarette consumption and pre-smoke HbCO and less 
than 15% of the variation between cigarettes per day and mean plasma 
cotinine could be explained in terms of a relationship between the 
two variables. Plasma nicotine was not significantly correlated with 
cigarette consumption, confirming the overall view expressed in the 
literature and may be a result of the relatively short half-life 
compared with HbOO or cotinine.
These calculations were performed using self-reported daily 
cigarette consumption. Feyerabend et al. (1982) have mentioned that 
the number of cigarettes smoked on the day of the test is likely to 
have a significant effect upon plasma nicotine concentrations (and 
therefore also HbOO levels), which could account for the observation 
that the daily cigarette consumption used in the present study was 
only modestly correlated with HbOO and plasma cotinine.
Accordingly, pre-smoke HbCO, plasma nicotine and mean plasma 
cotinine were also compared with the intake of nicotine and 00 on the 
day of the study, estimated by calculating the product of cigarette 
nicotine and 00 yield multiplied by number of cigarettes smoked per 
day and the number of cigarettes smoked on the day of study. Knowing 
the time at which each smoking study was performed, this latter value 
was calculated using the equation 6.1 which assumes that smoking
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began at 0800 hours and finished at 2300 hours (maximum daily smoking 
time = 15 hours).
Cigarettes per day x (Start of study [24 hr clock] - 0800) [6.1]
15
Pre-smoke HbOO was significantly correlated with daily available 
CO at the 1% level in both males and females (r=0.50 p<0.01, 0.52 
pCO.OOl) and estimated available CO on the day of the study (r=0.51 
p<0.01, 0.48 p<0.01). However, only the male group showed a 
significant correlation between pre-smoke plasma nicotine and 
available nicotine on the day of the test (r=0.42, p<0.01). Mean 
plasma cotinine correlated significantly with the daily available 
nicotine in both groups (r=0.32 p<0.05, r=0.34 p<0.05), whereas 
the relationship between mean cotinine and the nicotine available on 
the day of test was only significant in males (r=0.36). If there is a 
steady consumption of cigarettes throughout the day, the relative 
number of cigarettes smoked before the study will give some 
indication of the level of plasma cotinine since this marker has a 
half-life of about 17 hours (Benowitz et al. 1983b). The 
insignificant correlation in the female group may be a result of a 
discontinuous rather than continuous cigarette consumption resulting 
in a greater number of cigarettes being consumed later in the day.
The above comparison was repeated using the time-weighted 
estimate of nicotine and CO delivery, instead of the machine 
cigarette yields. Whilst the overall picture of the data remained the 
same, it was surprising to find that the correlations obtained were 
not as strong as thoes documented above, even though the estimated 
cigarette delivery incorporated many aspects of smoking behaviour.
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Smoking behaviour may change throughout the day. For example, 
total puff volume may vary depending upon the situation in which the 
cigarette is smoked. Thus if a subject sat alone, not engaged in any 
other activity ie talking, working or drinking etc, it is likely that 
total puff volume would be higher than that obtained when smoking in 
a work situation. However, the smoke markers (particularly cotinine 
and HbCO) reflect smoking over a more realistic period of smoking 
than one visit to the laboratory. This may explain the lack of 
correlation between data obtained from the laboratory and natural 
smoking situations. Although laboratory studies maybe atypical (but 
reproducible), all the smoking behaviour results in this thesis were 
made under identical conditions at approximately the same time of 
day.
Conclusions.
The smoke markers investigated are, at best, only estimates of 
tobacco smoke exposure since many of the correlations, although 
significant, could only account for a small proportion of variation 
in the data. This situation was compounded since there seemed to be a 
sex difference in terms of the relationships between measures of 
smoking. It is important however, to realise that these results are 
only applicable to people who smoke either low to middle or middle 
tar yield cigarettes. Production of cotinine does take sane time to 
occur; the lack of correlation with measures of smoking behaviour was 
therefore not surprising. However, this does emphasize the point that 
when measuring smoking, several markers have to be used to provide an 
overall view. This is particularly important when investigating 
changes in smoking associated with the use of different cigarettes.
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Long-Term Effects of Switching to Lower 
Tar Yield Cigarettes on Measurements of Smoking.
CHAPTER SEVEN
2 1 0
The health consequences of smoking were discussed in Chapter 1, 
where it was suggested that smoking a lower yield cigarette would 
result in less damage to health. Smokers claim to enjoy the sensory 
stimulation of smoking such as the taste or flavour of a cigarette, 
but some smokers may be addicted to the nicotine. On switching to a 
lower yield cigarette, changes in smoking behaviour may occur in 
order to maintain a desired plasma nicotine level. However, the 
concept of constant work of puffing and changes in tar/nicotine 
ratios may play just as important a role. These changes may therefore 
offset some of the potential benefits of lower yield cigarettes. The 
method by which nicotine regulation is accomplished has been termed 
compensation, but how does it occur? There are many methods by which 
the smoker can alter their intakes of tar, nicotine etc, including 
increasing consumption of the lower yield brand, taking a larger 
number of puffs per cigarette, increasing puff volume, increasing the 
depth and/or duration of inhalation, retaining smoke in the lung for 
a longer period before exhaling, altering the puff profile, reducing 
mouth spill or waste smoke, and even blocking the ventilation holes 
found near the filter in ventilated cigarettes. These mechanisms deal 
with smoking behaviour, and methods have been developed to measure 
this process.
The main aim of this thesis was to design a study which 
incorporate the recommendations of the third report of the 
Independent Scientific Committee on Smoking and Health, outlined in 
Chapter 1, to investigate long-term changes in smoking behaviour and 
smoke uptake when lower tar, and hence nicotine, yield cigarettes are 
smoked. Whilst various reports have concluded that although yields of
Introduction.
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cigarettes published by the Health Department show little 
relationship to those obtained by the smoker, the current tar league 
table does serve as a guide to the smoker in selecting a lower 
delivery cigarette which is particularly important for the present 
study. Goldfarb et al. (1976) reported a significant positive 
correlation between nicotine yield and urinary nicotine excretion, 
and concluded that nicotine yields measured by machine are relevant 
to those obtained by the smoker. Rawbone (1984b) has shown by 
estimating tar delivery from measurements of butt nicotine, that the 
majority of middle and low tar cigarette smokers achieve a delivery 
within the boundaries of published bands.
Objective of Chapter 7
Measurements of smoking (see Chapter 6) obtained from the six 
pre-switch visits were made with subjects smoking their own brand of 
cigarette. Having got to this stage, subjects were then asked to 
choose an alternative brand from a list of about 15 cigarettes which, 
on average, yielded 3 mg tar less than their present brand (middle 
tar yield cigarette smokers being offered low to middle tar products 
and low to middle tar yield cigarette smokers being offered low tar 
products). Having confirmed the subjects choice of cigarette met with 
the study criteria, a further 6 studies were performed at intervals 
of 6 weeks, commencing 6 weeks from the 6th visit in order to monitor 
changes in smoking over at least 8 months.
Low tar smokers were also recruited to act as a non-switching 
control group. The results from this chapter were therefore split 
into two parts: those dealing with non-switchers and those associated 
with the subjects who switched to a lower tar and nicotine yield
2 1 2
cigarette.
Subjects.
Of the 81 subjects who completed the 6 pre-switch visits, 75 
attended for their 7th visit and 53 completed all 12 visits (see 
Appendix 6). 4 out of the 53 subjects did not comply with the study 
protocol (they changed brands during visits 7-12, smoked other higher 
yield brands whilst smoking the lower tar brand of cigarettes) and 
were therefore excluded from this study. From the 31 subjects who 
successfully switched to a lower yield cigarette, only 26 switched 
for both tar (>3.0 mg) and nicotine (>0.2 mg). The 5 remaining 
subjects either switched only for tar (n=3, nicotine = <0.2 mg) or 
nicotine (n=2, tar = < 3.0 mg).
As part of the general protocol, a group of 18 subjects 
comprised of 14 low tar, 2 low to middle tar and 2 middle tar yield 
cigarette smokers (the non low tar smokers were people who were 
unsuccessful in switching to a lower tar yield product) acted as a 
non-switching group of subjects, however, one low to middle tar 
smoker failed to observe the protocol and was therefore excluded. 
Characteristics of both groups of subjects are given in Appendix 7.
Ncn-switching subjects.
Methods.
At each visit the same indices of smoking were measured as 
documented in the methodology section of Chapter 6. The non-switching 
group provided an opportunity to analyse further the variability and 
trends in the measurements of smoking collected over approximately 
one year, rather than 4 months as previously presented.
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As shown in Chapter 6, many of the variables measured were not 
normally distributed, thus non-parametrie statistics were used once 
again. Friedman's two-way anlaysis of variance and a two-tailed 
Page's L trend test (as discussed in Study 2, Chapter 6) were used to 
analyse data obtained from visits 2-12 in the non-switching group.
Results.
Visit-by-visit mean values for the measurements of smoking made 
between visit 2 and 12 are given in Tables 7.1.1 to 7.1.3; the mean, 
standard deviation and median of the measurements of smoking made on 
visit 2-12 are shown in Table 7.2. For ease of reading the majority 
of tables cited are to be found at the end of this chapter. 
Between-session variability and trend analysis for the measurements 
of smoking for 17 subjects who attended the laboratory on 11 
occasions are given in Table 7.3.1 to 7.3.3. As in Study 2, Chapter 
6 there was a large range in these measurements between-individual s. 
Between-session variation for nicotine and CO yield was highly 
significant (H = 41.5 p<0.001, and H = 69.5 p<0.001 respectively) and 
trend analysis showed a significant increase in cigarette tar, 
nicotine and CO yield during the study period for these subjects 
(Figure 7.1, Z = 3.09 p<0.01, Z=6.30 p<0.001 and Z = 8.17 pCO.OOl 
respectively), however, this rise was relatively small: minimum and 
maximum values recorded for tar nicotine and CO were 9.79 and 9.99 
mg, 0.90 and 0.94 mg, 9.73 and 10.33 mg respectively.
The HbOO boost (Figure 7.2) and total puff volume were the only 
variables measured to shew significant variation visit-by-visit at 
the 5% level. However, puff number and puff volume showed significant 
downward trends during the study (Figure 7.3) resulting in a fall in
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Figure 7.1
Mean (+ 1 SEM) cigarette yield, measured in the non- 
switxiiing group, against visit number.
o ------ 1------ 1------ r------ 1------ 1------ 1
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Visit number
Figure 7.2
Mean (+ 1 SEM) pre-smoke HbCO and HbCO boost, measured in 
the non-switching group, against visit number.
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Figure 7.3
Mean (+ 1 SEM) puff number (top panel) and puff volume 
(bottom panel), measured in the nonr-switdhing group, against 
visit number.
216
total puff volume (Figure 7.4). The HbCO boost (Figure 7.2) showed a 
similar trend, as did the tobacco smoke markers pre-smoke breath-hold 
CD and plasma cotinine (Figure 7.4), however, pre-smoke HbCD (Figure
7.2), cigarette consumption and puff duration showed no significant 
trend during this period (Figure 7.5).
To investigate when these changes occured, the data were 
reanalysed in two sections: visits 2-6 (Table 7.3.2) and visits 7-12 
(Table 7.3.3). There was a significant upward trend in cigarette 
consumption, whilst puff volume showed a significant downward trend 
between visits 2-6 (Table 7.3.2). Analysing data obtained from visit 
7-12 showed that pre-smoke breath-hold CO, puff number, mean plasma 
cotinine and total puff volume followed a significant downward trend, 
while cigarette draw pressure at a flow of 17.5 ml/s (P17.5) and the 
mean butt length showed a significant upward trend during this period 
(Table 7.3.3).
Discussion.
Despite being composed of predominantly low tar cigarette 
smokers, the group of non-switching control subjects used in the 
present study enabled further investigation of the variability of 
measurements of smoking over approximately one year whilst those 
subjects who smoked either middle or low to middle tar yield 
cigarettes were asked to switch to a lower yield cigarettes.
Chapter 6 investigated the variability of smoking over a period 
of about 4 months and found that apart from puff volume, there were 
no significant trends in measures of smoking over visits 2-6. 
However, when the non-switching data obtained from visit 2-12 were 
analysed using the same techniques, significant downward trends in
217
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Figure 7.4
Mean (+ 1 SEM) total puff volume (top panel) and mean plasma 
cxjtinine (bottom panel) measured in the non-switching group 
against visit number.
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Figure 7.5
Mean (+ 1 SEM) cigarette consumption (top panel) and puff 
duration (bottom panel), measured in the non-switching 
group, against visit number.
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pre-smoke expired CO and mean plasma cotinine were seen, some of 
which were likely to be associated with smaller puffs, of shorter 
duration. On closer examination, the trends in smoking seem to be 
occuring between visits 7-12 since Table 7.3.2, which contains trends 
in the measurements made between visit 2 and 6, showed little change.
Although significant trends in measurements of smoking made in 
the non-switelling subjects have been demonstrated, it is important to 
place them in perspective. Accordingly a mean value of visit 2-6 
(mean 1) and visit 7-12 (mean 2) were calculated for each measurement 
of smoking (Table 7.4). The difference between the two means, 
expressed as a percentage of the mean 1 (the difference as a 
percentage of the mean of mean 1 and 2 was not used in this case 
since these calculations were only performed for comparative 
purposes), was then calculated followed by a comparison of mean 1 and 
2 using Wilcoxon's signed-rank test. Pre-smoke ejcpired 00 and HbOO, 
cigarettes per day, mean plasma cotinine and total puff volume 
showed falls of greater than 5%, whilst pre-smoke plasma nicotine and 
puff interval rose by greater than 5% during the study period. The 
boost in HbCO was the only measurement of smoking to change 
significantly, however, self reported cigarette consumption, total 
puff volume and mean plasma cotinine just failed to reach 
significance (p=0.10, 0.09 and 0.08 respectively).
Visit 12 saw an increase in the mean and standard deviation for 
cigarette draw pressure at a flow of 17.5 ml/s which was probably 
attributable to some subjects having to change to a cigarette of 
similar yield but higher draw pressure due to their original brand 
being unavailable at that time.
2 2 0
Even though significant trends in the data have been reported, 
in the majority of cases these changes were relatively small when 
compared with the size of the measurement under investigation. It 
therefore seems that measurements of smoking made in these non­
switchers were relatively constant over the time studied. However, 
these changes will have to be taken into account when examining 
changes in smoking associated with the use of lower yield cigarettes.
Subjects who switched to lower tar and nicotine yield cigarettes.
Methods.
In addition to the usual measurements of smoking documented in 
Chapter 6, work of puffing was calculated as the product of flow and 
pressure, integrated over a puff and expressed in mil liJoules 
(Rawbone 1984a). A preliminary analysis of data obtained from visit 
2-6 in the switching group was performed to examine between-session 
differences and to see if there were any trends in the data. 
Friedman’s two-way analysis of variance and a two-tailed Page’s L 
trend test (as for the non-switching group) were used for this 
purpose since some of the data were not normally distributed. If 
there were no trends in the data obtained from the pre-switch visits, 
differences on brand switching were investigated by comparing the 
mean pre-switch values (mean of visits 2-6) with the first post­
switch (visit 7) values using Wilcoxon's signed-rank test. If a trend 
was seen, data from visit 6 was used and has been indicated as such 
by use of the symbol "+" in the corresponding table. Between-session 
differences in post-switch data were then analysed by Friedman's two- 
way analysis of variance and trends were investigated using Page's L
Conclusions.
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trend test.
Regulation calculations (Sutton et al. 1978, equation 2.6 
Chapter 2) were performed twice for each of the smoke markers (pre­
smoke breath-hold CO, HbCO, plasma nicotine and mean plasma 
cotinine). For each of the post-switch visits method 1 calculated 
regulation using the mean (or visit 6) pre-switch value and the mean 
of each post-switch visit. Method 2 used individual rather than mean 
data to perform the same calculations.
Finally, for each variable, the difference between the mean (or 
visit 6) pre-switch and visit 7 data was calculated and used in a 
study of interrelationships using Spearman’s rank order correlation 
analysis. Due to the small number of switchers, and the 
disproportionate number of males and females (9 and 17 respectively) 
this investigation was not separated according to sex.
Results.
Preliminary analysis of data obtained from visits 2-6 in the 
switching group showed similar results to those obtained in the 
reproducibility study in the previous chapter. Visit-by visit mean 
data for for each of the 5 pre-switch visits are given in Table 7.5.1 
to 7.5.3. All indices were consistent over the pre-switch period, the 
only significant trend was in the measurement of puff volume which 
fell with increasing visit number (Table 7.6).
Average reductions in tar, nicotine and CO yields for the 26 
subjects who switched to a lower yield cigarette are given in Table
7.7 and are all highly significantly different fran their original 
brands (pCO.OOl).
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Table 7.7
Reduction in tar, nicotine and 00 yield on brand switching 
(visit 6 versus visit 7, mean of individual differences + 1 
SD, n=26).
Pre-switch Post-switch %
Tar mg 15.1
1.0
8.9
1.5
40.7
Nicotine mg 1.36
0.10
0.89
0.15
34.1
00 mg 15.3
1.0
9.2
1.7
39.5
Changes in measuremnts of smoking that occured on brand 
switching are given in Table 7.8.1 and 7.8.2. Pre-smoke breath-hold 
CO, HbCO and the HbCO boost showed significant falls on brand 
switching (13.7, 19.7 and 18.9% respectively, Figure 7.6). There was 
an average fall in pre-smoke plasma nicotine, however, this change 
was not significant (Figure 7.7). Although cigarette consumption 
increased by nearly 16%, this was also not significant (Figure 7.8). 
Puff number showed a significant 13.7% increase on brand switching 
leading to the significant reduction (17.6%) in puff interval (Figure
7.8). Both puff volume (Figure 7.9) and peak puff flow increased 
significantly on brand switching (16.3 and 10.1% respectively). Puff 
duration showed an insignificant rise of 4.7%, but peak puff pressure 
fell significantly by 3.5%. There was no significant change in the 
latency of peak pressure, work of puffing (Figure 7.10), pressure 
integral or plasma nicotine boost (Table 7.8.2), however, mean plasma 
cotinine fell significantly (19.8%, Figure 7.7) on brand switching. 
The largest change seen on brand switching was a 27.6% increase in 
total puff volume (Figure 7.9). Whilst no significant change in butt
223
Figure 7.6
Pre-smoke breath-hold CO (top panel), HbCO (middle panel)
and CO yield (bottom panel) for the 26 brand switchers
against visit number. Mean, + 1 SEM.
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Figure 7.7
Pre-smoke plasma nicotine (top panel), mean plasma cotinine
(middle panel) and nicotine yield (bottom panel) far the 26
brand switchers against visit number. Mean, + 1 SEM.
225
Figure 7.8
Cigarette consumption (top panel), puff number (middle
panel) and puff interval (bottom panel) for the 26 brand
switchers against visit number. Mean, + 1 SEM.
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Visit number
Figure 7.9
Puff volume (top panel) and total puff volume (bottom panel) 
for the 26 brand switchers against visit number. Mean, + 1 SEM. ~
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Figure 7.10
Pressure integral (top panel), work of puffing (middle 
panel) and cigarette pressure drop at a flow of 17.5 ml/ 
(bottom panel) for the 26 brand switchers against visi number. Mean, + 1 SEM.
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length was seen, cigarette draw pressure at a flow of 17.5 ml/s 
(P17.5) was significantly reduced on brand switching (Figure 7.10).
Trend analysis showed that machine derived tar, nicotine and CD 
yields increased significantly over the post-switch period. However, 
as Table 7.5.1 demonstrates, this change was comparatively small 
(4.5% for tar, 4.3% for nicotine and 4.3% for CD). Table 7.9 shows 
that there were significant between-session differences in puff 
number and puff interval (Figure 7.8) and total puff volume (Figure
7.9), however, there were no significant trends in these variables. 
The HbCD boost showed significant between-session differences and a 
significant downward trend (Figure 7.6). Whilst there was no 
significant change cn brand switching or between-visit variability in 
mean butt length, there was a significant upward trend following 
brand switching.
Regulation calculations (Figure 7.11, Table 7.10) using method 1 
for the whole of the post-switch period showed similar mean values 
for pre-smoke breath-hold CD (53.3%), pre-smoke HbCD (54.2%) and mean 
plasma cotinine (61.6%), corresponding to "high nicotine regulation" 
(McMorrow and Foxx 1983). Whilst the two CO measures showed little 
direction during this period, mean plasma cotinine did shew an upward 
trend (Figure 7.10 top panel). Regulation calculated using pre-smoke 
plasma nicotine showed a different mean value (93.5%), corresponding 
to "full nicotine regulation" (McMorrow and Foxx 1983) but also 
seemed to follow an upward trend.
When regulation was calculated on an individual basis the 
average values for mean plasma cotinine was similar to those 
described for method 1 (Figure 7.11 bottom panel, Table 7.10). 
However, overall, pre-smoke breath-hold 00 and pre-smoke HbCD shewed
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Figure 7.11
Percentage regulation using mean data (method 1, top panel) 
and individual data (method 2, bottom panel) far pre-smoke 
plasma nicotine, breath-hold CO, HbCO and mean plasma 
cotinine for the 26 brand switchers. Mean values far visits 
7-12 (visit 7 value far cotinine has been suppressed: actual value = -549.0%).
230
slightly smaller mean regulation values, which fluctuated in a 
different way to those described for method 1. Mean regulation for 
pre-smoke plasma nicotine was dissimilar to that calculated using 
method 1 (mean for visit 7-12: -119.5% v 93.5%) as were the changes 
during the post-switch period. There were no significant between- 
session differences or trends in these measurements during this 
period (Table 7.11).
Table 7.11
Between-session variability of regulation calculations 
(method 2) using Friedman's two-way analysis of variance and 
Page's L trend test in 26 subjects on visits 7-12, after 
they switched to a lower yield cigarette. NS = non 
significant, * = p<0.05, ** = pCO.Ol, *** = pCO.OOl.
Between-sessions Trend
H Sig. Z Sig.
Pre-smoke FA,CD 3.99 NS -1.13 NS
(Bh')
Pre-smoke HbCO 1.23 NS -0.23 NS
Pre-smoke plasma 4.24 NS 1.60 NS
Mean plasma cotinine 4.11 NS 0.30 NS
An investigation of the interrelationships between the fall in 
cigarette yield and changes in the measurements of smoking produced a 
positive correlation between the fall in tar and fall in nicotine 
(r=0.85 pCO.OOl) and fall in CO yield (0.58 pCO.Ol). There was a 
negative relationship between tar reduction and change in puff number 
(r=-0.51 pCO.Ol) and a positive correlation between the fall in tar 
yield and change in puff interval (r=0.41 pC0.05). There was a 
significant correlation between the fall in nicotine yield and the 
fall in CD yield (r=0.55, pCO.Ol) and a fall in puff interval (r=0.40
231
Falls in estimated tar and nicotine deliveries were correlated 
with the fall in pre-smoke breath-hold CD on brand switching (r=0.45 
p<0.05, r=0.49, p<0.05 repectively), however, only the fall in 
estimated nicotine delivery was correlated with the fall in HbCO 
(r=0.47 p<0.05). There was a significant correlation between the fall 
in estimated tar delivery and the fall in pre-smoke plasma nicotine 
(r=0.43 p<0.05) and the larger the fall in nicotine yield the 
greater the increase in puff volume (r=0.40 p<0.05) and total puff 
volume (r=0.60 pCO.OOl). There was also a significant correlation 
between change in tar and CO yield and change in work of puffing 
(r=0.44 p<0.05 and r=0.61 pCO.OOl respectively).
Discussion.
It would be ideal to make exhaustive measurements of smoking, in 
a large group of subjects, over a long period of time; however, the 
present study shows the difficulty of making such measurements. 
Initially, 497 subjects expressed an interest in taking part in the 
study of which 214 were booked to visit the laboratory and 151 
attended on at least one occasion. There were 75 subjects at visit 7 
and 53 completed the study. Thus, either exhaustive measurements can 
be made over a short period, or simple measurements over a longer 
period, but not both.
Smoking has been referred to as the "self regulation of nicotine 
intake" (Ashton and Stepney 1982), however, the present study has 
demonstrated that on switching to lower tar yield cigarettes, 
nicotine regulation (using mean data for pre-smoke plasma nicotine) 
in excess of 65% occured 6 weeks after brand switching and was over
p<0.05).
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130% 8 months later. Plasma nicotine has a half-life of less than 2 
hours (Armitage et al. 1975), and as discussed in Study 2, Chapter 6 
careful attention to timing is necessary when collecting blood after 
smoking. This may explain the difference between regulation 
calculated using nicotine (Figure 7.11, Table 7.10) and that obtained 
using other smoke markers.
Cotinine has a half-life of about 17 hours (Benowitz et al. 
1983b) and is more an indicator of nicotine uptake over the previous 
2-3 days, whereas the half-life of HbCO (measured directly or 
indirectly) is 3-4 hours (Forbes 1970) and therefore reflects smoking 
on the day of the test providing the subject inhales the tobacco 
smoke and has not been exposed to non-tobacco CO (ie car exhaust 
fumes). Changes in HbCO are so rapid that this marker should be an 
ideal alternative to plasma nicotine (Chapter 5 has demonstrated this 
is not so in the case the indirect measurement of HbOO by estimating 
post-smoke alveolar CO). It is reassuring to see that the 
conventional markers of smoke uptake - pre-smoke breath-hold 00, HbOO 
and mean plasma cotinine gave similar values of regulation which are, 
on the whole, similar to those reviewed in Chapter 2 (Table 2.4).
Although pre-smoke breath-hold CO and HbCO fell on brand 
switching, the change was greater for HbCO. As shown in Chapter 5, 
previous smoking behaviour has an important effect upon the non- 
invasive measurement and this discrepancy may be attributable to the 
subject having recently smoked a cigarette, even though requested to 
abstain from smoking for at least half an hour before attending the 
laboratory.
Two methods of calculating regulation were investigated: method 
1 - used mean data, method 2 - used individual data. Both methods
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gave similar regulation values for cotinine, however, for pre-smoke 
breath-hold CO, pre-smoke HbCO and especially pre-smoke plasma 
nicotine the calculated values were somewhat different (Figure 7.11, 
Table 7.10). Investigation of the cause of this discrepancy showed 
massive values of regulation (up to -16000%) calculated for the 4 
smoke markers in the case of 2 subjects using method 2. It appears 
that these values arose because of small changes in cigarette yield 
and relatively large falls in the smoke marker concerned. Removal of 
these data points and subsequent reanalysis showed the following 
changes in values of regulation: pre-smoke breath-hold 00 increased 
from 44.3% to 63.5%, pre-smoke HbCO from 41.4% to 66.9%, pre-smoke 
plasma nicotine -119.5 to 77.3 and mean plasma cotinine 62.4 to 
76.1%. Raw data should be used in any statistical analysis, however, 
in the presence of spurious data, taking the average value can 
overcome this effect since it "smooths" the data. This comparison 
therefore emphasizes the point that different ways of analysing the 
same data can result in different conclusions.
Compensation was investigated by looking at changes in puffing 
behaviour on brand switching. At visit 7, 88.5 % (23/26) of subjects 
had increased their puff volume by an average of 16.3% which has 
frequently been seen before (see Table 2.3). 61.5% (16/26) of
subjects took more puffs per cigarette which resulted in an average 
rise of 27.6% in total puff volume. 54% (14/26) of subjects increased 
their cigarette consumption. Mean plasma cotinine fell in 81% (21/26) 
of subjects, and pre-smoke breath-hold 00 fell in 61.5% of subjects 
(16/26) and pre-smoke HbCO also fell in 65% (17/26) of subjects. A 
large number of studies have indicated that reduced nicotine yields 
provoke compensatory changes in smoking behaviour, however, Sutton et
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al. (1982) and Chamberlain and Higenbottam (1985) have suggested that 
this may be an oversimplification. It is interesting to speculate 
that the changes in smoking seen in the present study may not be 
related to reduced nicotine yields but can be explained in mechanical 
terms. Cigarette yields are reduced by a process of filtration and 
ventilation. This latter method reduces cigarette draw pressure at a 
flow of 17.5 ml/s and therefore the impedance to flow. Rawbone 
(1984a) has shown a constant amount of work is applied when puffing 
on a cigarette providing that the draw pressure at a flow of 17.5 
ml/s is greater than 0.9 kPa, and this is supported by the present 
study where no significant change in the work of puffing was seen on 
switching to lower yield, lower draw pressure cigarettes. Although on 
average subjects were applying significantly less pressure (as 
measure using peak puff pressure), this was only 3.5% smaller than 
that seen in the pre-switch period. Of importance was the 10.1% 
increase in peak puff flow and the slightly longer puff duration when 
smoking the lower yield cigarette, resulting in a larger puff volume.
An investigation of the reproducibility of measurements of 
smoking showed a significant reduction in mean puff volume during the 
pre-switch period (this was also seen in Study 2, Chapter 6, using 74 
subjects) suggesting that subjects were becoming more relaxed. 
However, this change was much smaller and in the reverse direction to 
that seen on brand switching.
The results from this study show significant changes in 
measurements of smoking behaviour and smoke uptake on switching to 
lower yield cigarettes, which remained altered for the following 8 
months. This observation has important implications since many 
studies of this type have been of short-term duration (ie 6 weeks or
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less). Only puff number, leading to a larger total puff volume and 
shorter puff intervals, showed short-term changes since these had 
returned to their pre-switch level by visit 8.
Smoke generation can be accurately measured, however, smokers 
may let the smoke drift out of their mouth or exhale some of the 
smoke before inspiration and may vary the depth and duration of 
inhalation. The measurement of inhalation is not difficult to perform 
and the different methods have been cited in the literature survey. 
It was considered inpractical to make measurements of ventilation in 
the present study due to the complexity of the protocol. Waste smoke 
has also not been measured and could be particularly important on 
brand switching. For instance, a subject may waste only a small 
amount of smoke during the pre-switch visits, however, on brand 
switching may increase puff volume but also increase the amount of 
waste smoke with the net effect of inhaling the same amount of smoke 
before and after brand switching. This process could be qualified by 
use of video records, however, this facility was not available for 
the present study.
Examination of the interrelationships between the fall in 
cigarette yield and change in measurements of smoking on brand 
switching showed few significant relationships. The larger the fall 
in nicotine yield, the greater the fall in puff interval may indicate 
that subjects were trying to maintain nicotine intake by increasing 
puff number, however, much of the variation (84%) in the data could 
not be explained by this. The same argument applies to the 
significant correlation between the fall in estimated nicotine yield 
and the increase in puff volume and total puff volume. The 
significant correlation between fall in nicotine yield and fall in
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pre-smoke breath-hold CO and HbCO indicates that this process was 
incomplete. Estimated cigarette delivery is dependent upon puff 
volume (see Appendix 3), thus caution must be applied when ccmparing 
these values with measurements of puff volume since two dependent 
variables are being examined.
Subjects who were asked to undergo brand switching were given a 
list of cigarettes which on average yielded 3 mg tar less than their 
present brand. However, as seen in Table 7.7 the average reduction in 
tar yield was 6.2 mg. The main reason was that middle tar smokers 
were unable to select an acceptable low to middle tar product and 
thus chose one of the more popular low tar brands. Previous studies 
have been criticised on the grounds of subjects being forced to 
switch to much lower yield cigarettes, however, this observation was 
of benefit to the present study since it represents voluntary brand 
switching to a lower yield cigarette than anticipated.
Conclusions.
The 26 subjects examined in the present study showed clear 
evidence of partial regulation which was maintained over the 8 months 
after brand switching. This was mainly achieved by increasing puff 
volume, however, there were short-term changes in puff number, total 
puff volume and puff interval. Since many of the changes seen after 6 
weeks of brand switching were maintained, brand switching studies of 
short duration can still produce useful information. The observed 
changes in smoking behaviour meant that although intake of smoke 
components were reduced when smoking lower tar yield cigarettes, the 
benefit was not as great as would be expected from machine yields 
alone.
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Table 7.2
Mean + SD and median (n=17) of indices used in the study 
Investigating variability of measures of smoking using 17 
non-switchers on visit 2-12. Conversion traditional to SI 
units: 1.62 ng/ml = 10 nmol/1, 10 cm H20 = 1 kPa.
Mean SD Median
Pre-smoke FA,CO 
(Bh!) ppm
26.0 10.7 26.7
Pre-smoke HbCO % 4.9 2.0 5.1
Pre-smoke plasma 
nicotine ng/ml
17.8 10.4 16.2
Cigarettes per day 26.4 9.7 24.4
Puff number 15.4 3.4 15.1
Puff interval 30.4 12.3 26.2
Puff volume 43.2 9.6 41.0
Puff duration 2.0 0.6 2.1
Peak pressure 
cm H20
32.6 11.5 27.4
Latency of peak 
pressure s
0.57 0.24 0.54
HbCO boost % 1.01 0.43 1.01
Plasma nicotine 
boost ng/ml
11.8 5.9 11.1
Mean cotinine 
(pre+post)/2 ng/ml
317.3 146.3 268.9
Total puff 
volume ml
655.5 166.2 664.7
P17.5 
cm H20
13.1 1.1 13.3
Mean butt length 
irm
5.0 3.2 5.3
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Between-session variability of measures of smoking behaviour 
and smoke uptake using Friedman's two-way analysis of 
variance and Page's L trend test using 17 non-switchers on 
visits 2-12. NS = non significant, * = p<0.05, ** = pCO.Ol, 
*** = pCO.OOl.
Table 7.3.1
Between--sessions Trend
H Sig. Z Sig.
Pre-smoke FA, CD 
(Bh')
13.98 NS -2.86 * *
Pre-smoke HbOO 15.26 NS -1.89 NS
Pre-smoke plasma 
nicotine
7.20 NS 0.98 NS
Cigarettes/day 11.40 NS -1.32 NS
Puff number 16.80 NS -2.39 *
Puff interval 12.49 NS 1.45 NS
Puff volume 13.13 NS -2.89 * *
Puff duration 14.27 NS 1.19 NS
Peak pressure 11.83 NS -0.88 NS
Latency of peak 
pressure
6.92 NS -1.01 NS
HbOO boost 19.00 * -3.04 * *
Plasma nicotine 
boost
3.39 NS -0.70 NS
Mean cotinine 15.88 NS -2.91 * *
Total puff 
volume
18.45 * -3.34 * * *
P17.5 12.77 NS 1.56 NS
Mean butt length 7.70 NS 1.09 NS
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Between-session variability of measures of smoking behaviour 
and smoke uptake using Friedman’s two-way analysis of 
variance and Page’s L trend test in 17 non-switchers on 
visits 2-6. NS = non significant, * = p<0.05, ** = p<0.01, 
*** = pCO.OOl.
Table 7.3.2
Between-sessions Trend
H Sig. Z Sig
Pre-smoke FA, CD 
(Bh')
3.09 NS -1.13 NS
Pre-smoke HbCD 7.43 NS -1.66 NS
Pre-smoke plasma 
nicotine
4.14 NS 0.44 NS
Cigarettes/day 5.36 NS 2.25 *
Puff number 7.62 NS -0.46 NS
Puff interval 6.40 NS -0.53 NS
Puff volume 6.54 NS -1.99 *
Puff duration 2.99 NS -0.90 NS
Peak pressure 4.95 NS -1.74 NS
Latency of peak 
pressure
2.26 NS 0.91 NS
HbCD boost 3.85 NS -0.39 NS
Plasma nicotine 
boost
0.56 NS 0.02 NS
Mean cotinine 2.36 NS -0.66 NS
Total puff 
volume
7.11 NS 0.27 NS
P17.5 2.16 NS 0.27 NS
Mean butt length 1.20 NS -0.17 NS
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Between-session variability of measures of smoking behaviour 
and smoke uptake using Friedman’s two-way analysis of 
variance and Page's L trend test in 17 non-switchers on 
visits 7-12. NS = non significant, * = p<0.05, ** = p<0.01, 
*** = p<0.001.
T ab le 7 . 3 . 3
Between--sessions Trend
H Sig. Z Sig
Pre-smoke FA,00 
(Bh')
10.72 NS -2.64 **
Pre-smoke HbOO 4.23 NS -0.30 NS
Pre-smoke plasma 
nicotine
4.29 NS -0.57 NS
Cigarettes/day 3.30 NS 0.19 NS
Puff number 9.20 NS -2.52 *
Puff interval 6.71 NS 0.39 NS
Puff volume 6.24 NS -1.87 NS
Puff duration 10.88 NS 1.61 NS
Peak pressure 5.77 NS 1.87 NS
Latency of peak 
pressure
4.46 NS -1.35 NS
HbOO boost 7.92 NS -0.03 NS
Plasma nicotine 
boost
3.93 NS -0.76 NS
Mean cotinine 9.70 NS -2.33 *
Total puff 
volume
7.72 NS -2.49 *
P17.5 8.80 NS 2.56 *
Mean butt length 7.90 NS 2.37 *
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Table 7.4
Using only the 17 non-switchers, comparison of truncated 
mean + SD values obtained from visit 2-6 and visit 7-12 for 
selected measures of smoking to allow evaluation of the 
magnitude of the trends shown in Tables 7.6.1-3. The 
difference between these two means were analysed 
satistically using Wilcoxon's signed-rank test. NS = non 
significant, *=p<0.05, **=p<0.01, ***=p<0.001.
Mean Mean Diff Sig.
(visit 2-6) (visit 7-12) % level
Pre-smoke FA, CD 
(Bh') ppm
27.1 11.7 24.9 10.5 -8.3 NS
Pre-smoke HbCD % 5.0 2.2 4.6 2.0 -7.1 NS
Pre-smoke plasma 
nicotine ng/ml
17.2 11.1 18.2 10.6 5.4 NS
Cigarettes/day 27.3 11.0 24.7 9.5 -9.6 NS
Puff number 15.6 3.5 15.2 3.3 -2.9 NS
Puff interval s 29.5 12.4 31.2 12.6 5.5 NS
Puff volume ml 43.9 10.5 42.6 9.1 -2.9 NS
Puff duration s 2.0 0.5 2.1 0.5 1.9 NS
Peak pressure 
cm H20
32.9 12.2 32.2 10.7 -2.3 NS
Latency of peak 
pressure s
0.58 0.25 0.57 0.23 -2.2 NS
HbCO boost % 1.06 0.44 0.96 0.42 -10.1 *
Plasma nicotine 
boost ng/ml
12.0 4.9 12.1 8.4 0.9 NS
Mean cotinine 
(pre+post/2) ng/ml
334.3 162.3 315.3 138.5 -5.6 NS
Total puff 
volume ml
676.8 186.8 637.8 159.6 -5.7 NS
P17.5 
cm H20
13.0 1.0 13.3 1.2 2.5 NS
Mean butt length 5.0 3.5 4.9 3.0 -2.3 NS
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Table 7.6
Between-session variability of measures of smoking behaviour 
and smoke uptake using Friedman's two-way analysis of 
variance and Page's L trend test in 26 subjects on visits 2- 
6, before they switched to a lower yield cigarette. NS = non 
significant, * = p<0.05, ** = p<0.01, *** = pCO.OOl.
Between-sessions Trend
H Sig. Z Sig
Pre-smoke FA, CD 
(Bh')
6.70 NS -1.68 NS
Pre-smoke HbCD 0.62 NS -0.51 NS
Pre-smoke plasma 
nicotine
6.06 NS -0.97 NS
Cigarettes/day 2.73 NS -0.70 NS
Puff number 8.71 NS 1.87 NS
Puff interval 6.98 NS -1.06 NS
Puff volume 7.17 NS -2.52 *
Puff duration 3.48 NS 0.12 NS
Peak pressure 1.20 NS -0.08 NS
Latency of peak 
pressure
2.95 NS 0.56 NS
HbCD boost 5.34 NS 0.10 NS
Plasma nicotine 
boost
3.13 NS 0.61 NS
Mean cotinine 3.95 NS -0.57 NS
Total puff 
volume
1.17 NS 0.08 NS
P17.5 7.41 NS 1.71 NS
Mean butt length 4.37 NS 0.58 NS
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Table 7.8.1
Comparison of mean (+SD) pre-switch with the value obtained 
from visit 7 for selected measures of smoking obtained using 
26 switchers. The difference between these two means were 
analysed using Wilcoxon's signed-rank test. NS = non 
significant, *=p<0.05, **=p<0.01, ***=p<0.001. + indcicates 
where data from visit 6 only were compared with data from 
visit 7.
Mean Visit 7 Diff Sig.
(visit 2-6) % level
Pre-smoke FA, CD 
(Bh') ppm
28.4 10.2 24.5 10.8 -13.7 *
Pre-smoke HbCD % 5.2 1.9 4.2 2.0 -19.7 **
Pre-smoke plasma 
nicotine ng/ml
19.9 9.4 17.9 11.9 -9.5 NS
Cigarettes/day 24.0 8.9 27.9 15.2 15.9 NS
Puff number 14.1 2.8 16.0 4.8 13.7 *
Puff interval s 33.9 12.1 27.9 9.5 -17.6 kkk
Puff volume ml + 45.9 17.9 53.5 21.4 16.3 ***
Puff duration s 2.1 0.5 2.2 0.6 4.7 NS
Peak pressure 
cm H20
33.4 12.0 32.2 14.1 -3.5 *
Peak flow ml/s 40.4 12.1 44.6 14.3 10.1 kkk
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Table 7.8.2
Comparison of mean (+SD) pre-switch with the value obtained 
from visit 7 for selected measures of smoking obtained losing 
26 switchers. The difference between these two means were 
analysed using Wilcoxon's signed-rank test. NS = non 
significant, *=p<0.05, **=p<0.01, ***=p<0.001. + incicates 
where data from visit 6 only were compared with data from 
visit 7.
Mean Visit 7 Diff Sig.
(visit 2-6) % level
Latency of peak 0.67 0.42 0.71 0.43
pressure s
Work of puffing 122.0 81.0 131.7 99.9
m j
Pressure integral 38.1 14.0 38.2 18.8
cm H20 s
HbCD boost % 1.17 0.55 0.95 0.52
Plasma nicotine 14.7 10.4 15.3 14.4
boost ng/ml
4.8 NS
7.9 NS
0.3 NS
-18.9 ***
3.5 NS
Mean cotinine 
(pre+post/2) 
ng/ml
Total puff 
volume ml
P17.5 
cm H20
375.7 132.8 301.1 141.9 -19.8 ***
647.1 231.7 825.9 317.6
14.6 1.2 12.2 1.7
Mean butt length 6.7 5.1 
mm
5.7 4.6
27.6 ***
-16.4 ***
-14.4 NS
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Table 7.9
Between-session variability of measures of smoking behaviour 
and smoke uptake using Friedman's two-way analysis of 
variance and Page's L trend test in 26 switchers on visit 7- 
12, after they switched to a lower yield cigarette. NS = non 
significant, * = p<0.05, ** = pCO.Ol, *** = pCO.OOl.
Between-sessions Trend
H Sig. Z Sig
Pre-smoke FA, CD 
(Bh')
3.93 NS -0.99 NS
Pre-smoke HbCD 1.52 NS -0.08 NS
Pre-smoke plasma 
nicotine
5.09 NS 1.45 NS
Cigarettes/day 5.27 NS -1.37 NS
Puff number 12.22 * -0.53 NS
Puff interval 12.35 * -0.55 NS
Puff volume 1.10 NS -0.05 NS
Puff duration 2.88 NS -0.70 NS
Peak pressure 3.22 NS 1.07 NS
Latency of peak 
pressure
2.55 NS -0.30 NS
HbCD boost 12.01 * -2.80 **
Plasma nicotine 
boost
4.32 NS -1.04 NS
Mean cotinine 3.89 NS 0.53 NS
Total puff 
volume
13.01 * -0.55 NS
P17.5 7.30 NS -0.50 NS
Mean butt length 9.66 NS 3.06 **
252
Tab
le 
7.
10
co
0010
CM
a
LO
CO
CD
VO
r-iVO
CO
3
•
rH
Mi
LO Mi
CD
rHH1
CMVO
SW  CD 
*2
CO
CD
3
Mi
9
VO
•
CO
vo
CD•
VO
CO
CO
LOVO
Mi CO
LOVO
rHLO
CO
INVO
VO
vo
CO
CO
a
o
CO
Mi
VOo
rH
INCM
rH
INLO
R
CO
9
CO
vo
CO
COVO
CO
CMLO
CM
IN
rH
CO
00to
IN
O
CO
VO
vo
M<
IN
CD
CO
CD
VO
CM 00
O
VO
Mi
•
OI
CO
CMLO
LOVOI
00
INCDI
VO
0
CO1
CD
00
CD
CDVO
CM CO
LOIN
rHN
CO
•
O
LO
Mi
vd
IN
CO
•
LOVO
CD
CD
Mi
Mi•
IN
vo
O «rH
Mi
•
OCO CD00
LO
H
CO
o\o 0\0
8
gtft
.0) Q) a)
I £ $ i n n
253
CHAPTER EIGHT
General Discussion and Suggestions
for Future Work
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In the United Kingdom there are approximately 100,000 deaths per 
annum which are thought to be tobacco related (Royal College of 
Physicians 1983). It was originally proposed that those people who 
smoke middle tar yield cigarettes and were unable to abstain from 
cigarette smoking should switch to a lower tar, "safer" cigarette 
since it was thought that the lower delivery would reduce the risk of 
disease. However, some smokers compensate for this reduced delivery 
by intensifying their smoking behaviour, thereby maintaining or 
possibly increasing exposure to the harmful substances in cigarette 
smoke.
The Third Report of The Independent Scientific Committee on 
Smoking and Health criticised many of the published studies 
investigating compensatory smoking on the grounds of small numbers of 
smokers being analysed and the lack of follow up data after brand 
switching. The present study was designed to answer these points by- 
investigating 100 subjects, 70% of whom would be asked to undergo 
voluntary brand switching. Measurements of smoking were made at 
regular intervals 5 months before and 8 months after brand switching.
Nearly 500 people expressed an interest in taking part in this 
study, however, only 214 people made an appointment to attend the 
laboratory and of these 151 turned up for their first visit. Subjects 
were not paid to take part in the study and as a result of the high 
commitment necessary to complete the study (12 studies of 
approximately 45 minutes duration every 4-6 weeks) and the invasive 
nature of the protocol, there was an initial sharp reduction in the 
number of subjects between visit 1 and 2 followed by a steady fall 
thereafter, ending up with only 53 people who completed the study.
General discussion.
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Thus the maintenance of a volunteer panel was a major problem in this 
type of long-term brand switching study.
Measurement of smoking behaviour inevitably results in 
disruption of the normal smoking pattern; whether it be collection 
of blood for HbCO, nicotine and cotinine assay or the use of a 
laboratory environment to measure smoke generation. The latter effect 
has been reduced as far as possible by the use of a purpose built 
smoking room, furnished to that of a lounge-type environment and 
containing the minimum of monitoring apparatus. Although the present 
study has shown sex differences in terms of puff size and profile, 
which can be explained by anatomical factors, each subject acted as 
his or her own control. Analysis of data obtained from visits 2-6 
descibed in Study 2, Chapter 6 showed that despite considerable 
between-subject variability, little between-session variability was 
seen indicating that these measurements were reproducible. However, 
pre-smoke breath-hold CO and puff volume showed significant between 
session variability on visits 2-6 [n=74] and only puff volume showed 
a significant trend (similar patterns were seen in the switching 
group [n=26] during this period). This may be a explained by subjects 
becoming more relaxed as the study progressed. However, the change 
was relatively small and in the opposite direction to that seen cn 
brand switching. Alveolar 00 measured in smokers varies during the 
day (Rawbone et al. 1978), however, all studies were as far as 
possible conducted at the same time of day and on the same day of the 
week. One of the largest coefficients of variation for the indices 
used in the present study was for the plasma nicotine boost (58.5%) 
followed by pre-smoke plasma nicotine (52.1%). This was probably a 
result of rapidly changing plasma nicotine levels after smoking, and
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since subject compliance dictated that indwelling catheters could not 
be used, it was not possible to control blood sampling accurately 
following the smoking manoeuvre.
It is preferable to use non-invasive estimates of tobacco smoke 
uptake: salivary cotinine to estimate plasma cotinine, salivary 
nicotine to estimate plasma nicotine (although this is complicated 
because the salivary glands concentrate the nicotine, a process which 
is dependent upon the pH of the saliva) and expired CO to estimate 
HbCO. The boost in expired CO has been used extensively in smoking 
research (for example Henningfield and Griffiths 1979, Battig et al. 
1982, Herning et al. 1983, Woodman et al. 1986 and Zacny et al. 
1987), however, when changes in both HbCO and breath-hold CO were 
measured in the same person, the boost in breath-hold 00 correlated 
poorly with the corresponding boost in HbOO and the relative boost 
for breath-hold 00 was only about 40% of that for HbOO: whilst there 
were 3 negative boosts for HbOO out of 500 estimates, the breath-hold 
method showed negative boosts in over 20% of the measurements. This 
discrepancy may be a result of changes in the ventilation/perfusion 
ratio in the lung (VA/Q) caused by some component of cigarette smoke 
since when exposed to CO rather than cigarette smoke, HbCO and 
breath-hold CO rose in proportion. Changes in the lung VA/Q ratio, 
which were assumed to be induced by a change in body posture, had a 
significant effect upon the mean alveolar and breath-hold methods of 
measuring alveolar CO. This was a very important observation since a 
steady-state between gas in the blood and gas in the lung cannot be 
assumed for these methods. Since the rebreathing method showed no 
mean change associated with change in body posture, it was postulated
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that this technique would be a better index of change in HbCO on 
smoking. Study 3 of Chapter 5 showed this not to be the case: it was 
therefore concluded that pre-smoking measurements of alveolar CO 
provide a reasonable estimate of HbOO providing the subjects has not 
smoked for at least half an hour before the test, however, none of 
the alveolar sampling techniques give a reliable measurement of the 
acute changes in HbCO associated with smoking. This is of particular 
importance when examining published material which uses the 00 boost. 
Zacny et al. (1987) showed that the CO boost was influenced 
systematically as puff volume was varied between 15 and 60 ml. They 
also demonstrated that the magnitude of the CO boost was dependent 
upon the time smoke was retained in the lung, however, there was no 
significant relationship between the CO boost and the depth of 
inhalation (providing the smoke was inhaled past the anatomical dead 
space). Whilst these observations may be correct they need to be 
repeated using direct measurements of HbOO; and all similar studies 
should be treated with caution when interpreting the results.
Whilst cigarette tar, nicotine and CO yield are highly 
correlated with each other, Study 3 Chapter 6 reported a consistent 
lack of correspondence between machine yields and biochemical 
measures of smoke exposure confirming those studies already reported 
in the literature. Comparison of the relationships between measures 
of smoking behaviour and smoke uptake showed some interesting sex 
differences. There was a significant relationship between plasma 
nicotine boost and total puff volume in males but not females and a 
significant correlation between HbOO boost and total puff volume in 
females but not males. This observation cannot currently be 
explained, but it does provide the basis for an interesting future
258
study. The smoke markers pre-smoke plasma nicotine, HbCO and mean 
piasma cotinine were all significantly correlated, however, at least 
50% of the variability could not be explained by the relationship 
between the indices under study, emphasizing the point that more than 
one smoke marker is necessary to indicate current smoking status (ie 
a long-term marker - cotinine and a shorter-term marker - HbOO). The 
lack of significant correlation between measurements made in the 
laboratory and natural situations is perhaps expected since invasive 
methods of measuring smoking were being used (despite reducing these 
effects to an absolute minimum by the use of a smoking room). 
However, as previously stated these data were reproducible.
Whilst this study was being conducted there was a voluntary 
agreement between the Government and the tobacco industry to 
systematically reduce cigarette tar yield. Accordingly, the non­
switching control group allowed this process to be monitored but also 
enabled further investigation of the repoducibility of the 
measurements of smoking used in the present study. Although seme of 
the indices showed significant trends during this period only the 
HbOO boost and total puff volume shewed significant between session 
variability again indicating the reproducibility of these 
measurements.
On voluntary switching to cigarettes which, on average, yielded 
40.7% less tar, 34.1% less nicotine and 39.5% less CO, almost all 
smokers increased their puff volume, and that this change was 
maintained during the 8 months after brand switching.
The magnitude of nicotine regulation seen on switching to lower 
yield cigarettes can be calculated by expressing the observed change 
as a percentage of the expected change (based on the reduction in
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machine smoked cigarette yields) in plasma nicotine. Two methods of 
calculating nicotine regulation were used in the present study:- one 
using mean data, the other using individual data. The two methods 
produced very different results. The latter method, although 
statistically more correct, proved susceptible to small changes in 
cigarette yield associated with relatively large falls in smoke 
marker concentration. It seems therefore that the former method is 
preferable since it "smooths" out any rogue data. Following brand 
switching there was no significant change in pre-smoke plasma 
nicotine concentration, and using mean data there was 93.5% 
regulation corresponding to the definition of "full nicotine 
regulation". However, significant falls in pre-smoke HbOO, breath- 
hold CO and mean plasma cotinine were seen and regulation was 
calculated as 54.2%, 53.3% and 61.6% respectively, categorised as 
"high nicotine regulation". These studies suggest that although 
plasma nicotine has been reported extensively in the literature as 
smoke marker, the high degree of variation reported earlier and the 
different value of nicotine regulation (compared with the other 3 
smoke markers) suggest that plasma nicotine may not be as good a 
smoke marker as was once thought.
On the first visit following brand switching, regulation 
calculated for all of the smoke markers was less than 100% indicating 
that although uptake of smoke components was higher than expected 
using machine yields alone (ie 0% regulation), it was lower than that 
seen when smoking their original brand of cigarette. This has 
Important implications since smokers life-long exposure to tobacco 
smoke can be reduced by switching to lower yield cigarettes, however, 
the benefit was smaller than expected because of compensatory changes
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The only evidence of short-term compensation was for puff 
number, total puff volume and puff interval indicating that short­
term smoking studies do provide useful information about changes in 
smoking behaviour on brand switching.
It has been mentioned previously that smokers may try to 
maintain a constant amount of work during puffing, and it may be that 
the significant increase in puff volume occured as a result of the 
lower impedance to flow (due to the ventilation holes) associated 
with lower tar yield cigarettes. Research cigarettes with the same 
pressure drop have been used to test this concept (Dr M Dixon 
personal communication). On comparing cigarettes matched for tar 
yield but with high and low nicotine yields and cigarettes matched 
for nicotine yield but with high and low tar yields, no significant 
difference in puff volume was seen between the 4 types of cigarette. 
Comparing a further two cigarettes matched for tar and nicotine 
yields but having high and low impedances, showed a significant 
increase in puff volume occured when subjects switched from the high 
to low impedance cigarettes. This concept has largely been ignored in 
the past and certainly warrents further attention.
The present analysis deals solely with mean data. It is known 
that as a person smokes a cigarette, puff volume becomes smaller 
(Guyatt et al. 1988). Mean values do not account for such changes 
thus some of the information is lost as a result of this process. 
Puff-by-puff analysis has however, been largely ignored in the 
literature.
in smoking behaviour.
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As is the case with so many research projects, at the end of a 
study more questions are raised than answered. The market percentage 
of low tar smokers is currently approximately 15%, and despite 
attempts to popularize these cigarettes this figure has not changed 
over the last 5 years. Therefore it may be questioned whether it is 
worth encouraging smokers to switch to low tar yield cigarettes, when 
it is kncwn that people compensate when smoking these cigarettes and 
that having switched, smokers may revert to their original or similar 
brand (50% in the present study).
It is claimed that the dose of nicotine administered during 
cigarette smoking has no toxic effect. If the majority of smokers 
smoke because they need to maintain plasma nicotine levels, an 
alternative approach in the quest for a "safer" cigarette may be to 
maintain nicotine uptake but reduce as many of the other noxious 
compounds in cigarettes as possible. A cigarette could therefore be 
produced with a nicotine yield similar to that of a middle tar yield 
cigarette, but with tar and CO yields of a low tar yield cigarette. 
However, the cigarette must still be acceptable to the smoker.
An alternative approach is to produced a cigarette which when 
smoked is perceived as "strong" as a middle tar product, but has low 
yields of tar, nicotine and CO. The subjective "strength" of a 
cigarette (which can be estimated by use of a questionnaire designed 
to obtain the opinion of the smoker on various aspects of a 
cigarette, ie effect on the throat, smoothness, taste etc.) is 
claimed to be proportional to the amount of free base nicotine which 
is dependent upon the pH of the cigarette smoke (at a pH of 5.5 
nicotine is 100% diprotonated, whereas at a pH of 10.0 nicotine is
Suggestions for future work.
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100% unprotonated, Brunnemann and Hoffmann 1974). Cigarette smoke has 
a pH of approximately 5.9: carbamide may be added to tobacco and when 
pyrolysed will produce ammonia thereby raising smoke pH with the net 
result of increasing the amount of free base nicotine available to 
the smoker. The addition of carbamide to low tar cigarettes may 
therefore result in a "safer" cigarette since it may be perceived as 
strong as a middle tar yield product, with the net result of no 
change in smoking behaviour, but have the yields of a low tar 
cigarette.
The addition of carbamide to a cigarette may result in the 
perception of a stronger cigarette not because of an increase in free 
base nicotine but because the smoke is less acidic. Perhaps of more 
importance is our present ignorance concerning the pyrolitic 
compounds of the additives that are so readily added to tobacco 
during cigarette manufacture.
If nicotine is an important aspect of cigarette smoking, the two 
approaches detailed above seek to test whether maintaining nicotine 
uptake or perceived strength are important components of cigarette 
smoking and future studies are necessary to test this hypotheses.
Study 2, Chapter 6 showed a significant correlation between 
plasma nicotine boost and total puff volume in males but not females. 
These observations could be examined by investigating the 
pharmacokinetics of nicotine separated according to sex.
The results from Study 2, Chapter 4 confirm the unpublished work 
of Roger Rawbone, that as the level of expired CO was raised, the 
difference between breath-hold 00 and mean alveolar 00 increased. The 
problem is compounded since Study 4 in the same chapter showed that 
both breath-hold and mean alveolar CO change with body posture
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resulting in the conclusion that equilibration between gas in the 
blood and the alveoli cannot be assumed for these methods. The 
rebreathing method was unaffected by change in posture, but failed to 
follow the relative change in HbCO on smoking. This indicates that 
either smoking results in larger changes in perfusion of the lung 
than those associated with change in body posture or that changes in 
ventilation are more important. Whatever the effect, the mechanism 
for this discrepancy deserves further investigation.
Chapter 5 has shown that although pre-smoke measurements of 
expired CO provide a reasonable estimation of HbCO, post-smoking 
measurements (and therefore the boost) are fatally flawed, since some 
component of cigarette smoke appears to interfere with the non- 
invasive measurement of HbOO. A study of great interest would be to 
obtain two groups of subjects: group 1 who showed negative boost in 
breath-hold 00 and group 2 who showed a positive boost in breath-hold 
00 following acute cigarette smoking. HbOO and breath-hold 00 would 
be measured before smoking followed by simultaneous measurements at 
regular intervals (say every 60 s) following smoking for up to 30 
minutes. These studies would enable further comprehension of changes 
in breath-hold CO and HbCO following acute smoking in these two 
groups. Oxygen and 002 could also be monitored to give an insight as 
to any changes din lung VA/Q.
It is possible that nicotine is responsible for the proposed 
smoke induced changes in VA/Q. This hypothesis could therfore be 
tested, in those smokers who show a negative boost in breath-hold 00 
on smoking, by the use of herbal cigarettes (containing no nicotine). 
If nicotine was found to be the active agent, the herbal cigarettes 
could be spiked with different amounts of nicotine in order to
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Chapter 4 stated that for every 10 ml of pure CO, HbCO will 
increase by approximately 1%. During CO loading 30 ml of pure CO were 
available and since 97% of the available 00 was taken up by the blood 
during CO loading, it was predicted that HbCO should increase by 
approximately 2.9%, assuming a total blood volume of 5 1 and a oxygen 
carrying capacity of 20 vols percent. The mean increase in HbOO in 
seven subjects following three loading procedures was 3.57% (SD + 
0.91). This value was approximately 18% greater than expected, 
however, the none of the three females used in the study weighed 
more than 57.5 kg, were likely to have a total blood volume of about 
4 1, and therefore a larger relative increase in HbCO. CO loading 
could therefore be adapted to measure total blood volume indirectly 
by assuming the oxygen carrying capacity of the blood (this need not 
be assumed if the haemoglobin cocentration were known), knowing the 
volume of CO available for uptake and the rise in HbOO. This latter 
measurement could be estimated by measuring the expired C0 
concentration before and after loading, since this procedure seems 
not to affect the relationship between HbOO and expired CO. Although 
abnormal blood oxygen and carbon dioxide tensions (both of which 
could be measured from finger-prick blood samples) are likely to be 
present in states of disease and will therefore effect the formation 
of HbCO, this indirect method may be of some clinical importance 
since current available methods for measuring total blood volume 
involve invasive procedures.
investigate any dose response relationships.
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Appendix 1.
Characteristics of subjects used in Chapter 4: mean and 
range.
Study number
1 2 3 4
No. subjects 8 3 7 10
Male 4 3 5 6
Female 4 0 2 4
Age years 26.0 31.3 26.1 32.8
range 20-47 22-47 21-47 20-58
Height m 1.72 1.80 1.73 1.73range 1.62-1.83 1.78-1.83 1.63-1.83 1.59-1.88
Weight kg 70.1 81.8 75.0 71.0
range 51.0-100.6 69.4-100.6 58.3-100.6 53.7-100.1
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Appendix 2.
Characteristics of subjects used in Chapter 5: mean and 
range.
Study number 
1 2  3
No. subjects 101 7 28
Male 42 4 10
Female 59 3 18
Age years 43.4 29.9 50.2
range 19-73 23-48 22-74
Height m 1.68 1.74 1.67
range 1.48-1.97 1.59-1.88 1.52-1.86
Weight kg 68.7 71.1 64.0
range 41.8-120.0 53.7-100.6 41.8-85.2
FEV-j/FVC % 78.8 79.0 77.3
range 38-95 63-89 63-90
Cigarettes/day 23.6 — 25.1
range 5-60 10-50
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Appendix 3.1
Smoking machine:
Smoking a king size cigarette; taking one 35 ml two second puff 
once a minute, the following moment can be calculated:- where time is 
the mid point of each puff.
Numerical example of the method of moment analysis.
Puff number Time
(s)
Volume
(ml)
Product 
(Time x volume)
Product
summed
1 1 35 35 35
2 61 35 2135 2170
3 121 35 4235 6405
4 181 35 6335 12740
The summed product is then multiplied by the amount of tobacco 
smoked (calculated as the initial rod length [ 60 mm for King size] 
minus the residual tobacco [5 mm for king size] divided by the 
duration of smoking.
12740 x (60 - 5) 
182
Calculated time-weighted moment for machine smoking = 3850
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Appendix 3.2
Human smoking.
This process is then repeated for the same cigarette when smoked 
by a human. For example if a subject took one two second puff (of 
variable volume) every minute for five minutes, leaving a maximum and 
minimum butt length of 10 and 9 mm respectively, the following moment 
can be calculated.
Puff number Time
(s)
Volume
(ml)
Product 
(Time x volume)
Product
summed
1 1 65 65 65
2 61 59 3599 3664
3 121 57 6897 10561
4 181 55 9955 20516
5 241 50 12050 32566
Since the maximum and minimum butt lenghts were measured, the 
mean of these two values are used to estimate the residual tobacco.
32566 x (60 - 9.5)
242
Calculated moment the cigarette when smoked by a human = 6795.8
Having calculated moments for human smcking patterns and machine 
smoking the values are expressed as a ratio (1.765 for this example). 
Tar, nicotine and CO yields are then multiplied by this ratio to 
obtain an estimation of the delivery of these components to the 
smoker.
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Appendix 4.
Characteristics, cigarette consumption and cigarette yields 
for subjects used in Chapter 6: mean and range for sex 
differences and variability studies.
Study number
1 2
No. subjects 110 74
Male 45 29
Female 65 45
Males Females
Age years 39.3 47.3 47.4
range 19-71 20-71 20-74
Height m 1.76 1.62 1.67
range 1.65-1.97 1.48-1.78 1.48-1.97
Weight kg 79.3 61.0 67.2
range 61.1-120.0 41.8-95.0 41.8-95.0
FEV-j/FVC % 77.8 78.0 76.8
range 49-91 40-95 40-94
Cigarettes/day 25.4 23.4 24.8
range 10-60 10-60 10-60
Tar yield mg 14.6 13.7 13.7
range 9-17 4-17 4-17
Nicotine yield 1.26 1.21 1.21
mg - range 0.7-1.5 0.5-1.5 0.5-1.5
CO yield mg 14.3 13.5 13.5
range 9-18 5-18 5-18
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Appendix 5
Characteristics, cigarette consumption and cigarette yields 
for subjects used in Chapter 6: mean and range for
interrelationship study.
Study number 3
No. subjects 81
Male 39
Female 42
Males Females
Age years 38.4 44.6
range 19-71 20-66
Height m 1.76 1.62
range 1.65-1.97 1.48-1.78
Weight kg 79.6 61.7
range 61.1-120.0 41.8-95.0
FEV-j/FVC % 78.3 78.5
range 49-91 38-90
Cigarettes/day 24.9 23.1
range 10-60 10-40
Tar yield mg 15.3 15.5
range 12-17 12-17
Nicotine yield 1.31 1.36
mg - range 0.9-1.5 1.1-1.5
CD yield mg 15.0 15.1
range 10-18 10-18
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Appendix 6
The Problem of Using Human Volunteers 
in Smoking Research.
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It was originally proposed that 100 subjects should complete the 
present study, 70 of these being required to smoke a lower tar yield 
cigarette following 6 pre-switch visits to the laboratory. Out of 497 
people who expressed an interest in taking part in the study, only 35 
switchers and 18 contols carpieted the study. The objective of this 
appendix was to investigate the problems involved with the use of 
human volunteers in smoking research of this type, in particular by 
reviewing where subjects were recruited from and reasons why those 
subjects who expressed an interest in the study decided not to take 
part or dropped out before completing the study.
Recruitment of subjects.
In order to obtain the 100 subjects, various advertising 
campaigns were devised. These included a 5 minute presentation co a 
local television news programme where the aims of the study were 
presented followed by a request for volunteers and articles 
concerning the research programme in 3 local newspapers. An 
advertising promotion (consisting of a board on which was mounted a 
poster requesting volunteers, a name and address pad and a sealed box 
in which to put the completed slips of paper) was also used and 
distributed to 12 local public houses, 3 health centres, 2 libraries 
and a sports centre. A recruiting agency was used later in the study. 
People who took part in previous studies at the Institute were also 
invited to take part in this programme of research.
497 people expressed an interest in the study. From the 214 
booked to attend the laboratory, only 151 subjects made at least one 
visit to the laboratory (Figure A6.1). Sources of subjects,
Introduction.
301
203(67%)—\
63(13% H
Not booked 
Booked but DNA 
Attended visit 1
'-131(30%)
Figure A6.1
Total number of subjects who responded to the various 
advertising campaigns (n=497) divided into those who were 
not booked to attend the laboratory (ie did not meet the 
study criteria, were not interested etc), those who were 
booked but did not attend (DNA) the laboratory and those 
who made at least cne visit to the laboratory.
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subdivided by initial response, subjects who made at least one visit 
and those subjects who completed the study are given in Figure A6.2, 
A6.3 and Table A6.1.
Table A6.1
Details of where subjects were recruited:- subdivided 
according to initial response to study, those subjects who 
made at least one visit to the laboratory and those who 
completed the study (also see Figures A6.2 and A6.3).
Response Made at least Completed %
to study 1 visit the study success
Public houses. 277 65 18 6.4
Health centres. 83 26 11 13.2
Television. 40 10 4 10.0
Libraries 30 4 3 10.0
Word-of-mouth. 24 21 9 37.5
Sports centre. 19 7 2 10.5
Previous studies. 9 9 3 33.3
Recruiting agency. 9 5 2 22.2
Newspapers. 6 4 1 16.7
Total 497 151 53 10.6
Comparison of the number of subjects who showed an interest in the 
study (n=497) with those who attended the laboratory on at least one 
occasion (n=151) and those who completed the study (n=53), shows that 
the relative number of subjects obtained from health centres, 
television, libraries and sports centre remained steady. Although 
there were small rise in the relative number of people obtained frcm 
previous studies, recruiting agency and newspapers, the relative
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277(56%)—i Public houses. 
Health centres.
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Libraries.
M  Word of mouth. 
Sports centre.
H Previous studies. 
f^H Recruiting agency. 
[L | Newepapers.
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Figure A6.2
Where were subjects recruited from? Subject recruitment 
divided aooardiiig to:- 1. tiiose who responded to the study 
(top panel, n=497) 2. those who made at least one visit to 
the laboratory (bottom panel, n=151).
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Figure A6.3
Where were those subjects who completed the study (n=53) 
recruited fran?
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number of subjects obtained by word-of-mouth rose as the study 
progressed and 17% of those people who had completed the study were 
recruited from this source. Conversely from the 277 people obtained 
from local public houses 23% (65/277) managed to make at least one 
visit to the Institute and only 6.4% (18/277, Table A6.1) managed to 
complete the study. This observation may be explained by acts of 
bravado whilst under the influence of alcohol and there were a number 
of occasions when prospective subjects had been nominated by friends 
and knew nothing about the study! Thus recruitment from public houses 
does not seem to be a successful way of obtaining subjects for this 
type of study.
When a subject was not able to join the study, did not want to 
join the study, or dropped out during the study, an attempt was made 
to discover the reason why. The main reason was that subjects were no 
longer interested in the study (Table A6.2). Although this table does 
not differentiate between those who never attended the laboratory and 
those who dropped out during the study, these observations may be 
associated with subjects wanting to give up smoking; when it was 
realised that the aim of the study was not to give up smoking they 
declined to take part. The large number of people who claimed that 
they had stopped smoking also points in this direction; this answer 
may have been a convenient excuse. Distance frcm the Institute also 
played an important part in deciding whether people were likely to 
take part in the study. This is perhaps not surprising since 12 
visits were necessary to complete the study, the Institute was fairly 
isolated situated in the heart of West Sussex and people were having 
to travel frcm as far away as Brighton and Southampton.
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Table A6.2
List of reasons why subjects gave up the study/did not join 
the study.
Reason Number
of people
1 Illness 13
2 Did not smoke or knew nothing about the study. 30'
3 No response to contacts. 57
4 Not interested. 95
5 Given up smoking. 38
6 Pregnant. 3
7 Distance from Institute too far. 64
8 Uses tar guard/filter. 2
9 Smokes only low tar cigarettes. 16
10 Used on other studies. 5
11 Smokes only roll-up cigarettes. 17
12 Too young. 16
13 Smokes too few cigarettes. 4
14 Too old. 1
15 Reason unknown. 83
Subjects who completed 12 visits. 53
Total 497
* These are people who had been nominated to take part in 
the study by friends or relatives and were predominantly 
found in those recruited from public houses!
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Decay in the number of subjects attending the study.
Figure A6.4 is a bar chart showing the fall in the number of 
subjects against visit number and the raw data for this study is 
given in Table A6.3. A survey was carried out in those subjects who 
failed to complete the study (n=98) and although there were only a 
limited number of responses (15/98) the predominant reason why 
subjects decided to give up the study was either because they did not 
want to have blood samples taken (since no blood samples were taken 
on visit 1, this may account for the relatively greater subject drop 
out between visit 1 and 2 compared with the other visits), or that 
they lost interest in the study which may be related to the large 
number of studies necessary. Since Chapter 6 showed there was very 
little change in measurements made on visits 2-6, in future work this 
control period may be reduced to 3 visits in the hope that a larger 
number of subjects may cctrplete a study.
Attendance at the laboratory.
On average, 14 subjects were booked per week to attend the 
laboratory over the 125 working weeks that the study was conducted, 
actual values on a week-by-week basis are represented in Figure A6.5 
(top panel). However, on average only 65.2% of the subjects actually 
attended their appointments (Figure A6.5, lower panel), of those 
subjects who did not attened, some did and some did not inform the 
Institute that they were not going to do so. Weeks in which 
attendance was high, but only a small number of subjects were booked, 
may bias the attendance rate. Accordingly the weeks containing less 
than 5 appointments were excluded (n=17), however, the attendance 
rate fell by less than 1% to 64.6%. It is possible to overcome this
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Figure A6.4
Fall in the number of subjects on the study with with visit 
number. Number of subjects at visit 1 = 151.
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T ab le  A 6.3
Drop-out rate of subjects involved in the smoking compensation 
study, Visit 1:12. See Figure A6.4.
Visit Number of Percentage of original
Number subjects sample
on study
1 151 100.0
2 118 78.2
3 101 66.9
4 96 63.6
5 88 58.3
6 81 53.6
7 75 48.3
8 67 45.0
9 66 39.7
10 64 39.0
11 60 37.3
12 53 35.1
►
I
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Week no.
Week no.
Figure A6.5
Week-by-week (n=125) representation of the number of 
subjects booked to attend the laboratory (top panel) and 
percentage of those subjects who actually turned-up for 
their appointment (bottom panel).
relatively high level of non-attendance by either booking subjects 30 
minutes apart rather than the 45 minutes used in the present study, 
or by double booking. However, since subjects usually arrived on 
time, and a few arrived early, this proceedure does not seem to be an 
answer to this problem.
Replies to the M.R.C. Questionnaire.
All subjects were requested to carpiete the M.R.C. questionnaire 
(1966) on respiratory symptoms, incorporating the incidence of cough 
and phlegm (present on most days for as much as three months each 
year) and any history of bronchitis and asthma. Oarparison of answers 
obtained from subjects in the default group (those subjects who did 
not carpi ete the study) and study group are given in Table A6.4.
Table A6.4
Summary of M.R.C. questionnaire data from subjects in the 
default and study group.
Default group Study group
Number 98 53
Male 46 18
Female 52 35
Age years 37.2 47.8
Height m 1.69 1.66
Weight kg 66.9 67.8
fev-l/fvc % 79.5 77.6
Cigarettes/day 23.2 25.1
Chronic cough 31.6% 15.0%
Chronic phlegm 21.4% 15.0%
History of bronchitis 40.8% 28.3%
History of asthma 6.1% 3.7%
On average the study group were over 10 years older than the default 
group. However, despite both groups smoking a similar number of
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cigarettes per day (25.1 and 23.2 cigarettes per day respectively), 
there did seem to be a greater incidence of these respiratory 
symptoms in the default group. It may have been expected to find a 
higher incidence of these symptoms in the study group since those 
subjects who express the symptoms may be trying to alter their 
smoking behaviour so as to do less damage to their health. However, a 
more likely explanation is that the default group probably contained 
the "hardened smoker", and this type of person may have been 
disal lusioned by the study since it did not enable them to give up 
smoking.
What did subjects think of the cigarette holder?
Subjective response to the cigarette holder was examined by 
asking 61 subjects (one gave multiple replies) the following 
questions: "Does the cigarette taste any different?" to which 31 
answered no difference. 19 subjects said that the cigarette holder 
was affecting the flavour of the cigarette (ie made the cigarette 
taste metallic, palstic etc), 3 said they got more flavour frcm the 
cigarette when using the holder whilst 7 subjects said they got less 
and 2 subjects said that the cigarette tasted hotter.
Replies to "Are you smoking any differently" showed that 33 
subjects felt that the holder did not affect their smoking behaviour 
whilst 17 said that they took larger puffs, 5 took smaller puffs, 3 
said they took fewer puffs and 3 had difficulties in holding the 
holder and connecting tubing. Only 1 subject reckoned he took more 
puffs on the cigarette when the holder was used. This is interesting 
since studies have shown that most people do tend to take a larger 
number of puffs when a cigarette is smoked through a holder.
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Did s u b j e c t s  rem ain on  t h e  lo w e r  t a r  y i e l d  c i g a r e t t e  a f t e r  t h e  s tu d y
was complete?
Three months after the study was finished all subjects who 
switched to a lower tar yield cigarette and completed the study 
(n=35) were asked to reply to a follow-up questionnaire, designed to 
ascertain whether they were still smoking the lower yield cigarette 
and if not, why not? Loyalty to the lower tar brand and self- 
reported estimate of cigarette consumption (ranked as: 1 very good, 2 
good, 3 average, 4 poor, 5 very poor) were also reviewed. From the 33 
questionnaires carpieted, 1 subject had stopped smoking and another 
now claimed to be an occasional smoker, however, 15 subjects (6 
male, 9 female), had returned to a higher tar yield cigarette or their 
original brand. The main reasons for this were smokers prefered the 
taste of the higher tar yield cigarette (7/15) and that these 
cigarettes were cheaper (7/15). The remaining subject returned to his 
original brand because they made him cough less. Conversely, those 
subjects who remained on the lower tar cigarette did so "because they 
had got used to than" (14/16). The remaining two subjects either had 
no reason or found their original brand too strong. 32 out of 33 
subjects were loyal to the lower tar cigarette whilst on the study, 
and on average the self-reported ranking of estimated cigarette 
consumption lay mid-way between "good" and "very good".
Conclusions.
Even though nearly 500 people expressed an interest in taking 
part in this type of research, only 53 subjects managed to complete 
the study rather than the 100 subjects that were originally hoped 
for. The present study was probably too intensive in terms of the
3 1 4
number of visits required and the use of blood sampling. From these 
studies it seems that the best way of recruiting volunteers was by 
word-of-mouth, and when recruiting for this type of work it must be 
emphasised that the study is not providing a means to give up 
smoking.
The problems of only 65.2% of the subjects booked to attend the 
laboratory actually attending may be partly overcome by allowing a 
shorter period of time between appointments.
The study group were on average older than the default group and 
showed fewer respiratory symptoms. This may be explained by younger 
subjects being more likely to move away from the area during the 
course of the study, whilst those who continue to smoke are less 
likely to have serious synptcms which would otherwise discourage thorn 
from continuing to smoke.
Although there will be topographical differences, in general, 
the observations from the present study should be taken into account 
when planning future research projects of this type.
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A p p e n d ix  7 .
Characteristics, cigarette consumption and cigarette yields 
(visit 2) for subjects used in Chapter 7: mean and range.
No. subjects
Switchers
26
Non-switch
17
Male 9 4
Female 17 13
Age years 47.4 50.2
range 21-71 20-65
Height m 1.67 1.65
range 1.48-1.97 1.48-1.81
Weight kg 67.6 65.2
range 41.8-94.0 50.0-84.4
FEV-j/FVC % 78.7 77.5
range 65-88 62-94
Cigarettes/day 25.4 25.7
range 10-60 10-60
Tar yield mg 15.2 9.8
range 14-17 4-16
Nicotine yield 1.36 0.90
mg - range 1.2-1.5 0.5-1.4
CD yield mg 15.1 9.7
range 13-17 5-15
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